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1.  Abstract 

Final  performance  report  of  the  Young  Investigator  Program  (YIP)  project  titled  “Closely 
coupled  multi-mode  radiators:  A  new  concept  for  improving  the  performance  of  electrically 
small  antennas”  is  presented  in  this  document.  The  research  conducted  in  this  project  resulted  in 
a  number  of  unique  ultra-wideband  antenna  designs  for  operation  in  military  communications 
systems  of  interest  to  the  U.S.  Navy  and  Marine  Corps.  Specifically,  as  part  of  this  project,  we 
developed  and  experimentally  demonstrated  a  number  of  UWB  antennas  that,  for  a  given 
occupied  volume,  have  the  lowest  frequencies  of  operation  that  are  reported  to  date.  Other  major 
findings  of  this  project  include  the  introduction,  development,  and  experimental  demonstration 
of  miniaturized,  wideband,  circularly  polarized  antennas,  low-observable  electrically-small 
antennas  that  exploit  miniaturized-element  frequency  selective  surfaces,  antennas  with 
directional  radiation  patterns  in  the  azimuth  plane,  and  platform-based  antennas  for  wideband  HF 
communications.  The  findings  of  this  project  are  expected  to  advance  the  state-of-the-art  in 
development  of  military  antennas  used  for  tactical  communications  systems  operating  in  the  HF, 
YHF,  and  UHF  frequency  bands. 

2.  Summary  of  Main  Accomplishments  of  This  Project 

The  broad  objective  of  this  project  was  to  use  the  advances  in  the  areas  of  multi-mode,  closely 
coupled  miniaturized  radiators  and  artificially-engineered  materials  to  bring  about 
transformational  advancements  in  development  of  ultra-broadband,  highly-efficient,  electrically 
small  antennas.  Upon  conclusion  of  the  project,  a  number  of  unique  contributions  were  made  to 
the  field,  which  are  listed  below: 

•  Developed  and  experimentally  demonstrated  the  lowest-profile,  miniaturized  UWB 
antenna  that  does  not  rely  on  resistive  loading  and  achieves  a  10:1  bandwidth. 

•  Developed  and  experimentally  demonstrated  the  smallest  UWB  antenna  occupying  a 
cubic  volume  reported  to  date. 

•  Developed  and  experimentally  demonstrated  a  new  technique  for  designing  compact, 
low-profile,  UWB  circularly-polarized  spiral  antennas. 

•  Developed  techniques  for  RF  signature  reduction  and  visual  signature  elimination  of  both 
linear  and  CP  versions  of  the  UWB  antennas. 

•  Developed  metamaterial-based  FSSs  with  harmonically  suppressed  responses  over 
extremely  broad  bandwidths. 

•  Developed  wideband  antennas  with  directional  radiation  patterns  in  the  azimuth  plane  for 
self-/co- site-interference  mitigation. 

•  Developed  a  technique  for  taking  advantage  of  platform  to  enhance  the  performance  of 
platform-mounted  HF  antennas. 
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Fig.  1.  Topology  (left)  and  photograph  (right)  of  a  low-profile,  ultra-wideband  antenna  developed  in  this 
project.  This  antenna  has  the  lowest  profile  of  all  UWB  antennas  reported  to  date  that  radiates  like  a 
vertically-polarized  monopole  and  have  very  compact  dimensions.  The  antenna  has  an  overall  bandwidth 
of  4:1. 

The  results  of  our  investigations  in  the  aforementioned  areas  are  described  in  the  following 
sections. 

3.  Compact,  Ultra-Wideband  Antennas  with  Monopole  Like  Radiation 
3.1.Development  of  a  low-profile,  ultra-wideband  antenna 

Fig.  1  shows  the  topology  and  photograph  of  a  fabricated  prototype  of  a  low-profile  UWB 
antenna  developed  in  this  project.  The  antenna  is  composed  of  two  electrically-small  loops 
coupled  together  in  their  near  fields.  Each  loop  has  a  three-dimensional  surface  with  a  bent- 
diamond-arm  shape.  Half  of  each  loop  placed  on  top  of  an  infinite  conducting  ground  plane  is 
used  in  the  design.  Each  loop  is  loaded  with  a  top  hat  to  reduce  the  lowest  frequency  of  operation 
of  the  antenna.  This  antenna  was  designed  and  optimized  in  the  initial  stages  of  the  project.  The 
antenna  radiates  like  a  vertically-polarized  monopole  with  omni-directional,  vertically-polarized 
radiation  patterns  in  the  azimuth  plane.  The  antenna  demonstrates  consistent  radiation 
characteristics  over  a  4:1  frequency  band.  At  its  lowest  frequency  of  operation,  the  antenna  has 
an  extremely  low  height  of  0.033kmin  where  kmin  is  the  free-space  wavelength  at  the  lowest 
frequency  of  operation  of  the  antenna.  Moreover,  the  antenna  has  lateral  dimensions  of  0.22  kmin 
x  0.22  kmin  at  the  lowest  frequency  of  operation.  Details  of  the  design  and  optimization  of  this 
antenna  are  presented  in  a  journal  paper  published  in  2013  [1].  It  is  important  to  note  that  the 
combination  of  wide  bandwidth,  low-profile,  and  compact  dimensions  of  this  antenna  have  not 
yet  been  matched  by  any  other  design  reported  in  the  literature  to  date. 

While  the  antenna  shown  in  Fig.  1  is  capable  of  delivering  impressive  performance  levels,  its 
bandwidth  is  limited  to  two  octaves.  Obtaining  greater  bandwidths  may  be  of  interest  in  some 
applications.  To  extend  the  bandwidth  of  this  antenna,  we  examined  the  factors  that  limits  its 
bandwidth.  It  was  found  that  the  bandwidth  of  this  antenna  is  limited  by  the  fact  that  its  radiation 
patterns  are  deteriorated  as  frequency  increases.  This  is  due  to  the  fact  that  as  frequency 
increases,  the  radiation  emanating  from  the  different  locations  of  the  antenna  have  a  larger  phase 
difference  between  them.  This  way,  the  radiation  emanating  from  the  antenna  adds 
constructively  at  some  angles  and  destructively  at  others  resulting  in  deterioration  of  the 
radiation  pattern  of  the  structure  from  the  desired  omni-directional  patterns  at  higher  frequencies. 
To  overcome  this  limitation  and  extend  the  bandwidth  of  the  antenna,  we  proposed  a  new  design 
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Fig.  2.  Topology  (left)  and  photograph  (right)  of  the  fabricated  prototype  of  a  low-profile,  ultra- wideband 
antenna  that  is  capable  of  providing  a  10:1  bandwidth  with  vertically-polarized,  omni-directional 
radiation  patterns  across  its  entire  band  of  operation. 

of  a  wideband  antenna  that  takes  advantage  of  the  previous  antenna  in  a  dual-antenna  system. 
This  significantly  enhances  the  bandwidth  over  which  the  antenna  can  maintain  its  omni¬ 
directionality.  The  topology  and  the  photograph  of  a  fabricated  prototype  of  this  modified 
antenna  is  shown  in  Fig.  2.  We  demonstrated  experimentally  that  this  antenna  can  cover  up  to  a 
decade  of  bandwidth  with  consistent,  vertically-polarized,  omni-directional  patterns  across  the 
entire  band.  At  its  lowest  frequency  of  operation,  this  antenna  has  electrical  dimensions  of  0.026 
km  in  x  0.026  km  in  x  0.046  kmin,  where  kmin  is  the  wavelength  at  the  lowest  frequency  of  operation. 
The  complete  details  of  the  design,  fabrication,  and  characterization  of  this  antenna  are  reported 
in  a  paper  that  we  published  in  IEEE  Transactions  on  Antennas  and  Propagation  in  2015  [2], 

3.2.Development  of  a  small  UWB  antenna  occupying  a  cubic  volume 

As  part  of  this  project,  we  also  investigated  the  development  of  small,  ultra- wideband  antennas 
that  efficiently  occupy  a  cubic  volume.  The  antenna  developed  in  this  part  of  the  project  is  an 


Fig.  3.  Topology  (left)  and  photograph  (right)  of  the  fabricated  prototype  of  a  compact  ultra-wideband 
antenna  that  efficiently  utilizes  the  volume  of  a  cuboid.  This  antenna  is  capable  of  providing  a  5.5:1 
bandwidth  with  vertically-polarized,  omni-directional  radiation  patterns  across  its  entire  band  of 
operation. 
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Fig.  4.  The  measured  input  VSWR 
of  the  antenna  prototype  shown  in 
Fig.  3. 
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electrically  small,  low-profile,  ultra  wideband  antenna  with  monopole-like  radiation 
characteristics.  Fig.  3  shows  the  topology  and  the  photograph  of  a  fabricated  prototype  of  this 
antenna.  The  antenna  is  composed  of  a  monopole  bow-tie  antenna  reactively  loaded  with  a 
cascaded  system  of  top  hats,  two  shorting  arms,  and  a  ring  slot  cut  into  the  ground  plane.  The 
reactive  loads  are  used  to  introduce  two  additional  resonances  close  to  each  other  and  below  the 
lowest  resonant  frequency  of  the  bow-tie.  This  results  in  a  very  compact,  ultra-wideband  antenna 
that  utilizes  the  available  volume  inside  the  Chu’s  sphere  rather  efficiently.  At  the  lowest 
frequency  of  operation,  the  proposed  antenna  has  electrical  dimensions  of  0.085  Amin  x  0.19  Amin  x 
0.19  Amin,  where  Amin  is  the  free-space  wavelength.  The  antenna  demonstrates  a  VSWR  of  2.2:1 
and  consistent  monopole-like,  omnidirectional  radiation  patterns  over  a  5.5:1  bandwidth.  The 
details  of  the  design  and  optimization  of  the  antenna  as  well  as  the  results  of  the  experimental 
characterization  of  the  antenna  are  reported  in  a  paper  that  we  published  in  IEEE  Antennas  and 
Wireless  Propagation  Letters  in  2014  [3]. 

4.  Development  of  a  Compact,  Ultra-Wideband,  Circularly-Polarized  Spiral  Antenna 

As  part  of  this  project,  we  also  developed  a  new  technique  for  designing  low-profile,  compact 
spiral  antennas  with  a  broadband  circularly  polarized  (CP)  responses.  The  antenna  is  backed  by  a 
ground  plane  and  has  unidirectional  radiation  patterns  over  its  entire  frequency  band  of 
operation.  Fig.  5  shows  the  topology  and  the  photograph  of  the  fabricated  antenna.  This  antenna 
is  a  multilayer  structure  composed  of  a  center-fed  modified  Archimedean  spiral  that  exploits  a 
novel  loading  structure,  a  ring-shaped  absorber,  and  a  feed  network,  which  includes  a  180° 
power  splitter.  The  loading  structure  possesses  both  inductive  and  capacitive  characteristics, 
which  increase  the  equivalent  electrical  length  of  the  antenna  while  maintaining  its  maximum 
dimensions.  The  Archimedean  spiral  is  integrated  into  the  multilayer  dielectric  structure  along 
with  its  differential  feed  network.  An  optimized  ring-shaped  absorber  is  used  on  the  periphery  of 
the  antenna  to  reduce  the  ground  effects  on  the  antenna  performance.  The  antenna  developed  in 
this  part  of  the  project  occupies  a  volume  that  is  89%  smaller  than  that  occupied  by  a 
conventional  ground-plane-backed  Archimedean  spiral  antenna.  At  its  lowest  frequency  of 
operation,  the  antenna  has  electrical  dimensions  of  0.21Amin  x  0.21  Amin  x  0.09Amin,  where  Amin  is 
the  free-space  wavelength  at  the  lowest  frequency  of  operation  (0.5  GHz).  Over  the  frequency 
range  from0.5  to  1.4GHz  (2.8:1),  the  antenna  has  a  VSWR  of  2.4:1,  and  it  has  a  CP  radiation 
pattern  with  an  axial  ratio  better  than  1.2  dB.  Within  this  frequency  range,  the  antenna  has 
minimum  and  maximum  realized  gain  values  of-5.0  dBiC  and  3.1  dBiC,  respectively.  Details  of 
the  design,  optimization,  simulation,  and  the  measured  results  of  the  fabricated  prototype  of  this 
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Fig.  5.  (Left)  Topology  of  the  miniaturized,  ground-plane  backed,  circularly-polarized  UWB  antenna 
developed  in  this  project.  (Right)  Photograph  of  the  fabricated  prototype. 

antenna  were  published  in  IEEE  Transactions  on  Antennas  and  Propagation  in  2015  [4],  A  copy 
of  this  paper  is  attached  in  Appendix  A. 


5.  RF  Signature  Reduction  of  Linearly-  and  Circularly-Polarized  Antennas 

In  this  project,  we  also  examined  the  design  of  low-observable  antennas  where  the  radar  cross 
section  of  the  antenna  is  reduced  by  using  a  miniaturized-element  frequency  selective  surface 
(MEFSS)  and  integrating  it  with  a  low-profile,  wideband,  circularly-polarized  or  linearly- 
polarized  antenna.  In  this  section,  we  will  first  describe  the  design  and  operation  of  the  harmonic 
suppressed  MEFSSs  and  then  discuss  the  design  of  the  low-observable  antennas. 

5.1. Harmonic  Suppressed  Miniaturized  Element  Frequency  Selective  Surfaces 
We  introduced  a  new  technique  for  designing  miniaturized-element  frequency  selective  surfaces 


Rogers  RT/duroid  5  8 HO 


Foam  (ROHACELL  3 1 HF) 


Fig.  6.  Topology  of  the  unit  cell  of  a  miniaturized-element  frequency  selective  surface  with  harmonic 
suppression  over  a  very  wide  b  band. 
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having  bandpass  responses  and  no  spurious 
transmission  windows  over  extremely  large 
bandwidths.  The  proposed  harmonic- 
suppressed  MEFSSs  consist  of  multiple 
metallic  and  dielectric  layers.  The  unit  cell 
of  this  MEFSS  is  shown  in  Fig.  6.  Each 
metallic  layer  is  in  the  form  of  a  two- 
dimensional  arrangement  of  capacitive 
patches  or  an  inductive  wire  grid  with 
extremely  sub-wavelength  periods. 

Harmonic-free  operation  in  these  structures 
is  achieved  by  using  multiple,  closely 
spaced  capacitive  layers  with  overlapping 
unit  cells  to  synthesize  a  single,  effective 
capacitive  layer  with  a  larger  capacitance 
value.  This  allows  for  reducing  the  unit  cell  size  of  a  conventional  MEFSS  considerably  and 
moving  the  natural  resonant  frequencies  of  its  constituting  elements  to  considerably  higher 
frequencies.  Consequently,  the  spurious  transmission  windows  of  such  MEFSSs,  which  are 
caused  by  these  higher  order  harmonics,  can  be  shifted  to  very  high  frequencies  and  an  extremely 
broad  frequency  band  free  of  any  spurious  transmission  windows  can  be  obtained. 

Using  this  technique,  a  number  of  MEFSSs  with  second-order  bandpass  responses  are  designed. 
Fig.  7  shows  the  simulated  responses  of  one  such  structure  that  operates  in  the  lower  UHF 
frequency  band  with  harmonic  suppression  up  to  around  18  GHz  or  so.  This  represents  an 
approximately  30:1  frequency  band  where  the  structure’s  harmonics  are  significantly  suppressed. 
Other  prototypes  of  these  types  of  MEFSSs  were  also  designed  and  fabricated  and  characterized. 
Details  of  the  design  and  measurement  results  of  these  prototypes  are  given  in  a  paper  that  we 
published  in  IEEE  Transactions  on  Antennas  and  Propagation  in  2014  [5].  This  paper  is  also 
attached  in  Appendix  A  of  this  report. 

5.2.Integration  of  the  Antennas  with 
Harmonic  Suppressed  FSSs 

The  MEFSSs  demonstrated  in  the  previous 
sub-section  were  also  integrated  with  low- 
profile,  linearly-  and  circularly-polarized 
antennas.  Fig.  8  shows  a  photograph  of  the 
linearly-polarized  antenna  integrated  with 
the  MEFSS.  The  antenna  radiates  similar  to 
a  vertically-polarized  monopole  but  is 
completely  flush  mounted.  The  antenna 
also  has  omni-directional  radiation  patterns 


Fig.  7.  Simulation  results  of  a  low-frequency  MEFSS 
which  has  harmonic  suppressed  responses  up  to  about 
18  GHz. 
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Fig.  9.  Measured  radiation  patterns  of  the  antenna  shown  in  Fig.  8.  (Left)  Measured  radiation  patterns  in 
the  azimuth  plane.  (Center)  Elevation  plane  (x-z  plane).  (Right)  Elevation  plane  (y-z  plane). 


in  the  azimuth  plane.  The  antenna  is  cavity-backed  and  the  frequency  selective  surface  is 
completely  integrated  with  the  antenna  within  the  cavity.  The  FSS  is  designed  to  be  transparent 
in  the  frequency  range  where  the  antenna  is  expected  to  radiate.  Outside  of  this  frequency  range, 
it  presents  a  metallic  ground  plane  where  the  FSS  shields  the  antenna,  at  frequencies  where  the 
radar  cross  section  of  the  antenna  may  be  high. 

The  radiation  properties  of  the  antenna  were  also  measured  and  the  results  are  shown  in  Fig.  9. 
As  can  be  seen,  along  the  azimuth  plane,  the  antenna  shows  a  completely  omni-directional 
radiation  pattern.  The  radiation  patterns  of  the  antenna  in  the  elevation  plane  are  also  shown  in 
this  figure  and  as  can  be  seen,  the  antenna  has  radiation  patterns  similar  to  those  of  a  monopole 
antenna  on  top  of  a  finite  ground  plane. 

6.  Development  of  Wideband  Antennas  With  Directional  Radiation  in  the  Azimuth  Plane 

In  this  project,  we  also  developed  a  low- 
profile,  compact  and  wideband  vertically- 
polarized  antenna  demonstrating 
directional  radiation  characteristics  in  both 
the  azimuth  and  the  elevation  planes  of 
radiation.  The  antenna  is  composed  of  four 
bent-diamond-shaped  half  loops  placed  on 
a  ground  plane.  A  photograph  of  the 
fabricated  prototype  of  this  antenna  is 
shown  in  Fig.  10.  The  half  loops  are  fed  at 
their  centers  and  short  circuited  to  the 
ground  at  their  ends.  Two  of  the  half  loops 
are  fed  in  phase  while  the  other  two  are  fed 
with  180°  phase  difference  generating 
omni-directional  and  figure-eight  shaped 
radiation  patterns,  respectively.  Coherent 
combination  of  these  radiation  patterns 


Fig.  10.  Photograph  of  a  low-profile,  vertically- 
polarized,  wideband  antenna  with  directional 
radiation  patterns  in  the  azimuth  plane.  The  antenna 
was  developed  as  part  of  this  project. 
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Fig.  11.  Simulated  and  measured  radiation  patterns  of  the  antenna  shown  in  Fig.  10.  (Top)  The  radiation 
patterns  in  the  azimuth  plane.  (Bottom)  The  radiation  patterns  in  the  elevation  plane. 


generates  a  cardioid-shaped  directional  pattern.  A  prototype  of  the  antenna  was  fabricated  and 
characterized.  The  antenna  has  electrical  dimensions  of  0.54Xminx0.4Xmin><0.1 16Xmin  at  its 
lowest  frequency  of  operation  and  operates  over  a  2:1  bandwidth.  The  radiation  patterns  and  the 
other  radiation  characteristics  of  this  antenna  were  measured.  Fig.  1 1  shows  the  measured  and 
simulated  radiation  patterns  of  the  antenna  in  the  azimuth  (top  row)  and  in  the  evaluation 
(bottom  row)  planes.  Details  of  the  design  and  fabrication  along  with  the  detailed  measurement 
results  of  this  antenna  are  reported  in  an  article  that  we  published  in  IEEE  Antennas  and  Wireless 
Propagation  Letters  in  2015  [6],  This  paper  is  also  provided  in  Appendix  A. 

7.  Enhancement  of  the  Bandwidth  of  HF  Antennas  by  Exploiting  the  Supporting  Platform 

Many  antennas  working  at  the  high  frequency  (HF)  band  have  significantly  smaller  dimensions 
than  the  operating  wavelength  and  thus,  suffer  from  narrow  bandwidths.  In  many  military 
applications,  such  HF  antennas  are  mounted  on  relatively  large  metallic  platforms.  In  this  part  of 
the  project,  we  studied  how  a  platform  mounted  antenna  can  be  used  to  excite  the  natural 
resonant  modes  of  the  platform  to  increase  the  overall  bandwidth  of  the  system.  This  way,  the 
platform  acts  as  the  main  radiator  and  the  mounted  antennas  act  primarily  as  the  coupling 
mechanism  between  the  antenna  and  the  external  circuit.  We  used  the  theory  of  characteristic 
modes  to  identify  the  appropriate  platform  modes  and  determine  the  efficient  means  of  exciting 
them.  This  allows  for  significantly  increasing  the  bandwidth  of  the  antenna  system  compared  to 
what  is  achievable  using  the  mounted  antennas  in  isolation.  This  approach  was  employed  to 
successfully  enhance  the  bandwidth  of  a  horizontally-polarized  HF  antenna  system  by  as  much 
as  10  times  compared  to  a  stand-alone  antenna  operating  in  free  space.  Scaled  models  of  the 
proposed  antennas  were  fabricated  and  experimentally  characterized.  Measurement  results  were 
observed  to  be  in  good  agreement  with  the  theoretically  predicted  results  and  demonstrated  the 
feasibility  of  using  the  proposed  approach  in  designing  bandwidth-enhanced  platform-mounted 
HF  antennas.  The  work  conducted  in  this  area  was  summarized  in  a  paper,  which  was  submitted 
to  IEEE  Transactions  on  Antennas  and  Propagation  and  is  under  review  [7], 
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Abstract — We  present  a  compact,  ultra-low-profile,  ultrawide¬ 
band  (UWB)  antenna  with  monopole-like  radiation  characteris¬ 
tics.  The  antenna  is  composed  of  two  bent  diamond-shaped  loops 
that  are  fed  in  parallel  and  loaded  with  a  common  capacitive  top 
hat  to  reduce  their  lowest  frequencies  of  operation.  A  series  capac¬ 
itor  is  used  at  the  feeding  terminals  of  one  of  the  loops  to  create 
an  additional  resonance  below  the  lowest  frequency  of  operation 
of  one  of  the  loops  and,  hence,  further  reduce  the  lowest  frequency 
of  operation  of  the  antenna.  At  the  lowest  frequency  of  operation, 
the  proposed  antenna  has  electrical  dimensions  of  L  x  W  X  H  — 
0.22Amin  X  0.22Amin  X  0.033Amin,  where  Amin  is  the  free-space 
wavelength.  The  antenna  demonstrates  a  VSWR  lower  than  3:1 
and  consistent  monopole-like,  omnidirectional  radiation  patterns 
over  a  4:1  bandwidth.  A  prototype  of  the  antenna  with  physical 
dimensions  of  7  X  7  x  1  cm3,  which  operates  in  the  1.0-4.0-GHz 
frequency  range,  is  fabricated  and  characterized  using  a  near-field 
system. 

Index  Terms — Broadband  antennas,  electrically  small  antennas, 
omnidirectional  antennas,  ultrawideband  (UWB)  antennas. 


I.  Introduction 

ULTRAWIDEBAND  (UWB)  antennas  have  been  the  sub¬ 
ject  of  many  studies  due  to  their  widespread  applications 
in  areas  ranging  from  wireless  communications  and  sensing 
to  radar  systems  and  microwave  imaging.  Ultrawideband  an¬ 
tennas  are  expected  to  radiate  efficiently  over  large  frequency 
bands  and  demonstrate  consistent  radiation  characteristics  over 
the  entire  band  of  operation.  The  size  of  a  UWB  antenna  is 
primarily  determined  by  its  lowest  frequency  of  operation. 
Therefore,  in  applications  where  relatively  low  RF/microwave 
frequencies  are  used,  the  physical  size  of  a  UWB  antenna  may 
become  prohibitively  large.  Additionally,  in  certain  low-fre¬ 
quency  applications  (e.g.,  military  communications  at  HF, 
VHF,  and  UHF  bands),  antennas  with  monopole-like  radiation 
patterns  (i.e.,  vertically  polarized  with  omnidirectional  radia¬ 
tion  patterns)  are  required.  In  such  applications,  besides  having 
compact  dimensions,  reducing  the  overall  height  of  the  antenna 
and  its  overall  visual  signature  becomes  extremely  important 
as  well. 
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Various  efforts  have  been  made  in  the  past  to  realize  com¬ 
pact  UWB  antennas.  Multiresonant  structures  composed  of  a 
monopole-like  radiating  structure  loaded  with  a  top  hat  and 
incorporating  various  impedance-matching  elements  (e.g., 
shorting  pins  or  series  inductors)  within  the  body  of  the  antenna 
were  among  the  first  structures  examined  in  this  area  [1]— [3]. 
One  of  the  earliest  designs  in  this  category  is  the  antenna 
proposed  by  Goubau  [2],  which  achieves  a  bandwidth1  of 
about  one  octave  while  occupying  a  cylindrical  volume  with  a 
diameter  of  0.18Amin  and  a  height  of  0.065Amin,  where  Amin  is 
the  free-space  wavelength  at  the  lowest  frequency  of  operation. 
A  somewhat  different  design  was  also  proposed  by  Friedman 
in  [3],  which  achieves  a  bandwidth  of  an  octave  from  a  struc¬ 
ture  occupying  the  same  volume.  More  recently,  a  low-profile 
antenna  with  an  overall  height  of  0.07Amin,  composed  of  a 
conducting  body  of  revolution  and  a  shorted  parasitic  ring  was 
reported  in  [4]. 

Compact  antennas  that  use  loops  as  the  main  radiating  ele¬ 
ments  have  also  been  examined.  In  [5],  a  compact  UWB  an¬ 
tenna  utilizing  two  coupled  loops  was  demonstrated  to  achieve 
monopole-like  radiation  patterns  over  a  very  wide  frequency 
band.  Miniaturized  versions  of  this  antenna,  which  reduce  the 
overall  antenna  height  and  lateral  dimensions,  were  later  re¬ 
ported  in  [6]  and  [7].  While  all  of  these  antennas  achieve  impres¬ 
sive  performance  levels,  the  smallest  overall  profile  reported 
in  these  structures  is  limited  to  approximately  0.06Amin  at  the 
lowest  frequency  of  operation.  Recently,  new  designs  have  been 
reported  that  further  reduce  the  overall  profile  of  such  UWB 
antennas  [8]— [10].  However,  these  designs  use  either  lossy  fer¬ 
rites  [8]  or  resistive  loading  [9],  [10]  to  load  the  antenna  and 
achieve  improved  impedance  matching  at  the  lowest  frequency 
of  operation. 

In  this  letter,  we  report  an  ultrawideband  antenna  with  an  ex¬ 
tremely  small  overall  height.  The  antenna  is  composed  of  two 
loops  that  are  capacitively  loaded  with  a  common  top  hat  to  re¬ 
duce  their  lowest  frequencies  of  operation  [6].  Each  loop  has  a 
three-dimensional  surface  with  a  bent  diamond  shape.  The  two 
loops  are  fed  in  parallel  using  a  power  divider  network.  A  se¬ 
ries  capacitor  is  used  at  the  feeding  terminals  of  one  of  the  loops 
to  create  an  additional  resonance  below  the  lowest  frequency 
of  operation  of  the  loops  and,  hence,  further  reduce  the  lowest 
frequency  of  operation  of  the  antenna.  The  antenna  has  elec¬ 
trical  dimensions  of  ~  0.22Am*n  x  0.22Amin  x  0.033Amin  at 
its  lowest  frequency  of  operation  and  achieves  a  VSWR  lower 
than  3 : 1  over  an  extremely  broad  frequency  band.  The  antenna 
demonstrates  omnidirectional  monopole-like  radiation  patterns 

Tn  the  comparisons  provided  in  this  letter,  the  3:1  VSWR  bandwidth  of  all 
antennas  are  considered. 
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Fig.  1 .  (a)  Three-dimensional  topology  of  the  proposed  ultra-low-profile  UWB 
antenna,  (b)  Side  view  of  the  antenna  showing  the  two  radiators  and  the  feeding 
arrangement,  (c)  Top  view  of  the  structure. 

over  a  bandwidth  that  exceeds  4: 1 .  In  what  follows,  first  the  de¬ 
sign  procedure  of  the  antenna  will  be  discussed  in  Section  II.  In 
Section  III,  measurement  results  of  a  fabricated  prototype  are 
presented,  and  Section  IV  concludes  the  letter. 

II.  Antenna  Design 

Fig.  1(a)  shows  the  three-dimensional  (3-D)  topology  of  the 
proposed  antenna.  Fig.  1(b)  and  (c)  show  respectively  the  side 
view  and  the  top  view  of  the  structure.  The  antenna  is  composed 
of  two  identical  radiators  mounted  on  top  of  an  infinite  ground 
plane.  Each  radiator  takes  the  shape  of  a  bent  diamond  plate  that 
is  short-circuited  at  its  end  to  the  ground  plane  and  is  fed  at  the 
other  end.  Thus,  each  radiator  and  its  image  with  respect  to  the 
ground  plane  form  a  loop  with  bent  diamond-shaped  arms.  The 
two  radiators  are  loaded  with  a  common  top  hat,  which  con¬ 
nects  to  the  diamond-shaped  arms  at  the  bend  locations.  The 
first  resonance  of  each  diamond  loop  occurs  when  the  overall 
length  of  the  structure,  including  the  length  of  the  image,  is  half 
a  wavelength.  The  effect  of  the  top  hat  is  to  capacitively  load 
the  antenna  and,  hence,  reduce  its  lowest  resonant  frequency  of 
operation  [1],  [6].  When  the  two  radiators  are  fed  in  phase,  they 
act  as  a  coupled-loop  antenna  and  demonstrate  an  ultra-broad- 
band  response.  In  this  case,  the  antenna  radiates  in  a  manner 
similar  to  a  vertically  polarized  monopole  and  demonstrates  an 
omni-directional  radiation  pattern  in  the  azimuth  plane  over  a 
broad  frequency  band. 

The  main  goal  in  the  design  process  of  this  antenna  is  to  re¬ 
duce  the  lowest  frequency  of  operation  of  the  structure  while 
minimizing  its  overall  height  and,  to  the  extent  possible,  its  lat¬ 
eral  dimensions.  To  demonstrate  the  effect  of  the  important  pa¬ 
rameters  in  the  design  process,  we  consider  a  prototype  of  this 
antenna  with  maximum  lateral  dimensions  of  7  x  7  cm2.  First, 
the  effect  of  the  antenna  height  on  the  performance  of  the  struc¬ 
ture  is  examined  using  full-wave  electromagnetic  (EM)  simula¬ 
tions  in  CST  Microwave  Studio.  In  doing  so,  we  assume  that  the 
two  loops  are  fed  in  parallel  [i.e.,  Ports  1  and  2  in  Fig.  1(b)  are 
connected,  and  /  =  0  in  Fig.  1(c)]  and  consider  four  different 
antenna  heights  in  the  0.5-2.0-cm  range.  For  each  height,  the 
dimensions  of  the  free  parameters  in  the  antennas  [l\,  I2,  and 


w  in  Fig.  1(c)]  are  optimized  to  achieve  a  VSWR  lower  than 
3:1  over  as  wide  a  frequency  band  as  possible.  The  results  of 
this  study  are  shown  in  Fig.  2(a)-(c).  Fig.  2(a)  and  (b)  shows 
the  real  and  imaginary  parts  of  the  input  impedances  of  the 
antennas.  As  can  be  observed,  when  the  antenna  height  is  0.5 
cm,  the  input  resistance  is  rather  small,  and  the  separation  be¬ 
tween  resonant  frequencies  of  the  antenna  is  rather  large.  Thus, 
achieving  broadband  impedance  matching  is  not  possible.  As 
the  antenna  height  increases,  however,  the  input  resistance  in¬ 
creases  and,  perhaps  more  importantly,  the  separation  between 
the  resonant  frequencies  decreases  substantially.  This  makes  it 
easier  to  achieve  broadband  impedance  matching  with  a  rea¬ 
sonably  low  VSWR.  In  addition  to  the  height  of  the  antenna, 
the  bend  location  1 1  and  the  bend  width  w  also  impact  the  re¬ 
sponse  of  the  structure.  The  effects  of  these  parameters  are  also 
examined  using  full-wave  EM  simulations  for  a  fixed  height 
of  1.5  cm,  and  the  results  are  shown  in  Fig.  2(d)— (i).  As  can 
be  observed,  the  lowest  VSWR  is  generally  achieved  when  the 
bend  location  is  in  the  middle  of  the  diamond-shaped  arm  of  the 
loop  (i.e.,  1 1  «  O.5/2).  Additionally,  increasing  the  width  of  the 
arms,  w,  improves  the  input  VSWR,  but  also  slightly  increases 
the  lowest  frequency  of  operation  of  the  antenna.  Therefore,  to 
achieve  a  VSWR  lower  than  3: 1,  w  can  be  chosen  to  be  slightly 
smaller  than  D. 

One  of  the  key  challenges  in  designing  compact,  low-profile 
UWB  antennas  is  reducing  the  lowest  frequency  of  operation 
of  the  antenna  without  increasing  its  occupied  volume.  In  the 
proposed  antenna,  the  lowest  frequency  of  operation  can  fur¬ 
ther  be  reduced  by  using  the  feeding  arrangement  shown  in  the 
inset  of  Fig.  3(c).  In  this  case,  a  capacitor  is  used  in  series  with 
one  of  the  two  loop  antennas  shown  in  Fig.  1(a),  and  then  the 
two  antennas  are  fed  in  parallel  using  a  single  source.  Using  this 
series  capacitor,  an  additional  resonance  can  be  created,  the  fre¬ 
quency  of  which  falls  below  the  main  resonant  frequency  of  the 
antenna  when  the  two  radiators  are  directly  fed  in  parallel  (i.e., 
no  capacitor  is  used).  By  changing  the  value  of  this  capacitor, 
the  frequency  of  this  resonance  can  be  changed  as  desired.  If  the 
frequency  of  this  newly  added  resonance  is  close  enough  to  the 
lowest  frequency  of  operation  of  the  loops,  the  lowest  frequency 
of  operation  of  the  antenna  can  be  further  reduced.  This  scenario 
is  shown  in  Fig.  3  for  an  antenna  of  the  type  shown  in  Fig.  1 
with  maximum  dimensions  of  7  x  7  x  1  cm3.  Fig.  3(a)  and  (b) 
shows  the  real  and  imaginary  parts  of  the  input  impedance  of 
the  antenna  with  and  without  a  3.3-pF  series  capacitor.  As  can 
be  clearly  seen,  the  capacitor  introduces  a  new  resonance  close 
to  that  of  the  main  one.  Fig.  3(c)  compares  the  input  VSWRs  of 
the  antenna  with  and  without  this  feeding  network.  As  can  be 
observed,  the  lowest  frequency  where  a  VSWR  of  3  is  achieved 
is  further  reduced  when  the  feeding  network  shown  in  the  inset 
of  Fig.  3(c)  is  used. 

III.  Measurement  Results  and  Discussion 

A  prototype  of  the  antenna  discussed  in  Section  II  with  a 
single  capacitor  feed  network  is  fabricated,  and  its  photograph 
is  shown  in  Fig.  4(a).  A  dielectric  substrate  covered  with  metal 
on  one  side  is  used  as  the  ground  plane  of  the  two  radiators. 
On  the  bottom  side,  a  50-D  microstrip  line  is  fabricated.  At  the 
end  of  this  microstrip  line,  a  through- substrate  via  is  used  to 
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Fig.  2.  (a)-(c)  Effect  of  the  antenna  height  on  the  performance  of  the  proposed  ultra-low-profile  UWB  antenna,  (a)  Real  and  (b)  imaginary  parts  of  the  input 
impedance  as  well  as  the  (c)  input  VSWR  of  the  antennas  optimized  for  different  heights  are  shown.  All  antennas  have  /  =  e  =  0  mm,  w  =  31.5  mm,  and 
l2  =  35  mm.  The  optimum  1 1  values  are  14,  17.5,  20,  and  25  mm,  respectively,  for  h  =  0.5, 1.0, 1.5,  and  2  cm.  (d)-(f)  Effect  of  the  bent  width  w  on  the  (d)  real 
and  (e)  imaginary  parts  of  the  input  impedance  as  well  as  the  (f)  input  VSWR  of  the  antenna.  For  cases  (d)-(f),  h  =  15  mm,  =  20  mm,  and  l2  =  35  mm. 
(g)-(i)  Effect  of  the  bent  location  l 1  on  the  (g)  real  and  (h)  imaginary  parts  of  the  input  impedance  of  the  antenna  and  the  (i)  input  VSWR.  For  cases  (g)-(i), 
h  =  15  mm,  l2  =  35  mm,  and  w  =  31.5  mm. 


With  series  capadt&r— Without  series  capacitor 


Fig.  3 .  (a),  (b)  Real  and  imaginary  parts  of  the  input  impedances  of  the  antenna 
with  and  without  a  series  3.3-pF  capacitor  used  in  the  feed  network  shown  in  the 
inset  of  (c).  (c)  Input  VSWR  of  the  antenna  with  and  without  the  series  capacitor 
in  the  feeding  network. 


feed  one  of  the  radiators.  A  3  x  3 -mm2  metallic  patch  is  located 
adjacent  to  the  end  of  the  feeding  microstrip  line  and  is  con¬ 
nected  to  it  using  a  3.3-pF  capacitor.  The  center  of  this  patch 
is  connected  to  the  feeding  terminal  of  the  other  radiator  using 
a  through-substrate  via.  A  photograph  of  the  feed  network  is 
shown  in  Fig.  4(b).  During  the  measurements,  the  ground  plane 
of  the  fabricated  antenna  is  electrically  connected  to  a  large 
brass  plate  with  dimensions  of  30  x  30  cm2  (i.e.,  the  effective 
size  of  the  finite  ground  plane  is  30  x  30  cm2).  The  measured 


Fig.  4.  (a)  Photograph  of  the  fabricated  prototype,  (b)  Photograph  of  the  power- 
divider  feed  network  employing  a  3.3-pF  series  capacitor,  (c)  Measured  and 
simulated  input  VSWR  of  the  antenna. 


input  VSWR  of  the  prototype  along  with  the  predicted  simula¬ 
tion  results  of  the  antenna,  which  models  the  feed  network  and 
the  microstrip  line,  are  shown  in  Fig.  4.  In  the  simulation  results 
shown  in  this  figure,  the  lumped  element  capacitor  is  modeled 
as  a  series  RLC  circuit  (with  R  =  0.1  0,L  =  0.156  nH,  and 
C  —  3.3  pF)  to  take  into  account  the  parasitic  effects.  As  can  be 
seen,  a  reasonable  agreement  between  the  simulation  and  mea¬ 
surement  is  achieved.  The  differences  observed  between  the  two 
results  are  attributed  to  uncertainties  involved  in  precise  mod¬ 
eling  of  the  fabricated  structure.  Among  others,  examples  in¬ 
clude  tolerances  of  the  values  of  the  capacitor,  the  dielectric 
constant,  and  the  loss  of  the  substrate  as  well  as  potential  dif¬ 
ferences  between  the  exact  dimensions  and  precise  shape  of  the 
3-D  loops  and  those  of  the  modeled  ones.  Nevertheless,  the  mea¬ 
surement  result  demonstrates  a  broadband  performance  with  an 
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Fig.  5.  Measured  normalized  radiation  patterns  of  the  antenna  in  the  azimuth 
xz- plane  and  two  elevation  planes  xz  and  yz.  (a)  Azimuth  plane  (xy). 
(b)  Elevation  plane  (xz).  (c)  Elevation  plane  (yz). 


input  VSWR  that  remains  lower  than  3  over  a  frequency  band 
of  0.95  to  at  least  6.0  GHz. 

The  radiation  characteristics  of  the  antenna  are  measured 
using  a  multiprobe  near-field  system  from  0.8  to  6.0  GHz.  Fig.  5 
shows  the  measured  radiation  patterns  of  the  antenna  in  the 
frequency  range  of  1. 0-4.0  GHz.  Observe  that  the  antenna  has 
an  omnidirectional  radiation  pattern  in  the  azimuth  plane.  The 
radiation  patterns  in  two  elevation  planes  (xz-  and  yz -planes) 
are  shown.  The  antenna  has  figure-eight  radiation  patterns  in 
both  planes  that  are  similar  to  those  of  a  vertically  polarized 
monopole  on  a  finite  ground  plane.  Overall,  the  antenna  demon¬ 
strates  reasonably  stable  and  consistent  radiation  characteristics 
in  the  1-4-GHz  range.  As  frequency  increases  beyond  4  GHz, 
the  radiation  pattern  of  the  antenna  in  the  azimuth  plane  starts 
to  become  more  directional. 

The  gain  and  radiation  efficiency  of  the  antenna  are  also 
measured  using  the  same  near-field  system.  In  doing  these  mea¬ 
surements,  a  well-characterized  double-ridged  horn  antenna 
was  used  as  a  reference  to  calibrate  the  near-field  system  for 
antenna  gain  measurements.  The  measured  realized  gain  of 
the  antenna,  which  includes  the  impedance  mismatch  effects, 
is  shown  in  Fig.  6.  The  total  efficiency  of  the  antenna  is  also 
measured  using  the  same  multiprobe  near-field  system,  and  its 
radiation  efficiency  is  extracted  by  taking  out  the  effects  of  the 
impedance  mismatch  from  the  measured  total  efficiency.  The 
radiation  efficiency  is  also  presented  in  Fig.  6.  Over  most  of  the 
operating  band,  the  radiation  efficiency  remains  above  80%. 


Fig.  6.  Measured  realized  gain  and  the  radiation  efficiency  of  the  antenna.  The 
gain  values  reported  take  into  account  the  effect  of  the  impedance  mismatch. 

The  minimum  radiation  efficiency  is  approximately  50%  at  the 
lowest  frequency  of  operation. 

IV.  Conclusion 

An  extremely  low-profile  UWB  antenna  was  presented  in 
this  letter.  The  proposed  antenna  takes  advantage  of  two  loop 
radiators  with  bent  diamond- shaped  arms.  Using  capacitive 
top  hat  loading  and  a  simple  capacitive  feed  network,  the 
lowest  frequency  of  operation  of  the  antenna  is  reduced  while 
maintaining  its  occupied  volume.  At  the  lowest  frequency 
of  operation,  the  antenna  achieves  electrical  dimensions 
of  0.22Amin  x  0.22Amin  x  0.033Amin.  The  proposed  an¬ 
tenna  demonstrates  a  VSWR  lower  than  3:1  and  consistent, 
monopole-like  radiation  patterns  over  a  frequency  range  of 
about  two  octaves.  Because  of  its  low  profile  and  compact 
overall  dimensions,  scaled  versions  of  this  design  are  expected 
to  be  useful  for  low-frequency  applications  operating  within 
the  VHF  and  UHF  frequency  bands. 
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A  Low-Profile,  Vertically  Polarized  Ultrawideband 
Antenna  With  Monopole-Like  Radiation  Characteristics 

Kasra  Ghaemi  and  Nader  Behdad 


Abstract — A  compact,  ultrawideband  (UWB)  antenna  with  an 
extremely  low  profile  is  presented.  The  antenna  has  consistent  monopole¬ 
like  radiation  characteristics  over  approximately  an  8.5:1  bandwidth.  It 
consists  of  two  radiators  where  one  radiator  is  a  smaller,  slightly  different 
version  of  the  other  one.  The  smaller  radiator  is  partially  embedded  into 
the  large  one  to  avoid  considerable  increase  in  the  maximum  antenna 
height.  Each  radiator  has  two  parallel  loops  in  the  shape  of  a  bent  diamond 
connected  to  the  ground  plane  at  their  ends.  A  properly  designed  feed 
network  is  used  to  feed  the  larger  antenna  at  lower  frequencies  while 
feeding  the  smaller  one  at  higher  frequencies  to  improve  the  consistency  of 
the  radiation  characteristics  of  the  system  over  a  very  broad  bandwidth. 
A  prototype  of  the  proposed  antenna  and  the  feed  network  are  fabricated 
and  experimentally  characterized.  The  fabricated  antenna  prototype  has 
electrical  dimensions  of  0.26Amin  X  0.26Amin  X  0.046Amin  at  its 
lowest  frequency  of  operation  and  demonstrates  monopole-like  radiation 
characteristics  with  consistent,  vertically  polarized,  omni-directional 
radiation  patterns  over  roughly  an  8.5:1  (0.66-5.6  GHz)  bandwidth. 

Index  Terms — Broadband  antennas,  electrically  small  antennas,  omni¬ 
directional  antennas,  ultrawideband  (UWB)  antennas. 

I.  Introduction 

HF,  VHF,  and  UHF  frequency  bands  have  long  been  used  for 
many  military  communications  applications.  Currently,  monopole 
whip  antennas  used  in  conjunction  with  automatic  antenna  tuners  are 
the  primary  available  antenna  options  for  such  applications.  Whip 
antennas,  however,  have  high  profiles  (i.e.,  they  stick  out  of  the  vehi¬ 
cles  they  are  mounted  on)  and  narrow  bandwidths.  The  former  is 
not  desired  in  military  systems,  since  it  can  give  out  the  location 
of  important  assets,  and  the  latter  limits  the  utility  of  such  antennas 
in  wideband  applications.  Therefore,  there  is  a  significant  need  for 
developing  low-profile  and  compact  HF/VHF/UHF  antennas  capable 
of  covering  extremely  broad  bandwidths  as  replacements  for  current 
whip  antenna  technology. 

Various  techniques  have  been  used  in  the  past  to  design  compact 
ultrawideband  (UWB)  antennas  that  radiate  like  vertically  polar¬ 
ized  monopoles.  Multiresonant  antennas  composed  of  top-hat-loaded 
monopoles  that  incorporate  various  impedance-matching  elements 
within  the  structure  of  the  antenna  were  among  the  first  such  struc¬ 
tures  developed  in  this  area  [1],  [2].  In  [1],  Goubau  reports  an  antenna 
that  achieves  a  bandwidth  of  about  one  octave  while  occupying  a  cylin¬ 
drical  volume  with  a  diameter  of  0.18Amin  and  a  height  of  0.065 Amin 
(Amin  is  the  free-space  wavelength  at  the  lowest  frequency  of  opera¬ 
tion).  A  somewhat  different  design  was  proposed  by  Friedman  in  [2], 
which  achieves  a  bandwidth  of  an  octave  from  a  structure  occupying 
the  same  volume.  More  recently,  a  low-profile  antenna  with  an  overall 
height  of  0.065  Amin,  composed  of  a  conducting  body  of  revolution  and 
a  shorted  parasitic  ring,  was  reported  in  [3].  In  [4],  a  three-dimensional 
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(3-D)  UWB  antenna  composed  of  a  hemispherical  helix  with  a  cone 
feed  is  reported.  The  antenna  has  a  height  of  0.125Amin  and  maxi¬ 
mum  lateral  dimensions  of  0.25  Amin  and  achieves  a  bandwidth  of  10: 1. 
Compact  antennas  that  use  loops  as  the  main  radiating  elements  have 
also  been  examined  [5]— [8].  In  [5],  a  compact  UWB  antenna  utilizing 
two  coupled  loops  was  demonstrated  to  achieve  monopole-like  radia¬ 
tion  patterns  over  a  very  wide  frequency  band.  Miniaturized  versions 
of  this  antenna,  which  reduce  the  overall  antenna  height  and  its  lateral 
dimensions,  were  later  reported  in  [6]  and  [7]. 

The  most  significant  challenge  in  designing  compact  UWB  anten¬ 
nas  is  to  reduce  the  lowest  frequency  of  operation  of  the  antenna 
without  increasing  its  occupied  volume.  Once  the  maximum  linear 
dimension  of  an  antenna  is  reduced  below  A/47T  (corresponding  to 
ka  —  0.5,  where  k  —  27r/A  is  the  wavenumber  and  a  is  the  radius 
of  the  smallest  sphere  that  circumscribes  the  antenna),  the  antenna 
becomes  electrically  small  and  its  bandwidth  reduces  significantly. 
Many  attempts  have  been  made  to  design  small  antennas  with  band- 
widths  that  approach  the  theoretical  limits.  A  notable  example  is  the 
design  presented  in  [9]  and  a  comprehensive  list  of  such  antennas  is 
provided  in  [10].  UWB  antenna  designs  with  ka  <  0.5  have  also  been 
reported  [1 1]— [13].  However,  these  designs  use  either  lossy  ferrites 
[11]  or  resistive  materials  [12],  [13]  to  load  the  antenna  and  achieve 
improved  impedance  matching  at  the  lowest  frequency  of  operation. 

Recently,  we  reported  a  compact  UWB  antenna  with  a  vertically 
polarized  monopole-like  radiation  pattern  [14].  This  antenna  has  an 
extremely  low  overall  height  (0.033  Amin)  and  its  impedance  matched 
over  a  bandwidth  greater  than  10: 1,  but  it  demonstrates  consistent  radi¬ 
ation  characteristics  over  a  4:1  bandwidth.  Specifically,  the  radiation 
patterns  of  the  antenna  start  to  deviate  from  the  desired  monopole-like 
omni-directional  patterns  at  a  frequency  approximately  four  times  its 
minimum  frequency  of  operation.  This  change  in  the  radiation  pat¬ 
terns  limits  the  bandwidth  of  this  antenna.  In  this  communication, 
we  propose  a  new  antenna,  which  takes  advantage  of  the  low-profile, 
broadband  nature  of  the  antenna  proposed  in  [14]  to  achieve  a  low- 
profile  antenna  with  an  extremely  broad  operational  bandwidth.  The 
proposed  antenna  is  composed  of  two  radiating  elements,  where  one 
element  is  a  smaller,  slightly  modified  version  of  the  other.  Each  radi¬ 
ating  element  is  based  on  the  topology  of  the  antenna  discussed  in 
[14].  The  two  elements  are  nested  within  each  other  to  ensure  that 
the  antenna  height  and  lateral  dimensions  are  not  increased  signifi¬ 
cantly  [15].  A  frequency-dependent  feed  network  feeds  the  appropriate 
radiating  element  based  on  the  frequency  of  the  excitation  signal. 
Using  this  topology,  a  compact,  low-profile  UWB  antenna  with  elec¬ 
trical  dimensions  of  0.26Amin  x  0.26Amm  x  0.046Amin  is  designed 
and  fabricated.  The  antenna  demonstrates  consistent  monopole-like 
radiation  patterns  over  an  8.5: 1  bandwidth.  In  what  follows,  the  princi¬ 
ples  of  operation  of  the  proposed  antenna  along  with  the  measurement 
results  of  a  fabricated  prototype  are  presented  and  discussed. 


II.  Antenna  Design 
A.  Principles  of  Operation 

The  antenna  presented  in  [14]  consists  of  two  3-D  half-loops  cou¬ 
pled  to  each  other.  Each  half  loop  is  in  the  shape  of  a  bent-diamond 
and  is  fed  at  its  center  and  short-circuited  to  the  ground  at  its  end. 
The  two  loops  are  fed  in  parallel  at  their  common  feeding  point  and 
a  common  top  hat  is  used  to  cover  both  structures  to  reduce  the  low¬ 
est  frequency  of  operation  of  the  antenna.  The  antenna  shows  a  good 
impedance  match  over  an  extremely  wide  bandwidth  (in  excess  of 
10: 1)  [14].  However,  its  bandwidth  is  limited  by  the  deterioration  of  the 
radiation  patterns  of  the  antenna  at  higher  frequencies.  Specifically,  the 
antenna  shows  consistent,  monopole-like,  omni-direcitonal  radiation 


Fig.  1.  3-D  topology  of  an  antenna  composed  of  two  similar  radiators  with  dif¬ 
ferent  sizes,  which  is  capable  of  providing  consistent,  monopole-like  radiation 
patterns  over  an  extremely  broad  bandwidth. 

patterns  only  over  a  4:1  bandwidth.  As  frequency  increases,  the  elec¬ 
trical  dimensions  of  the  antenna  increase  too  and  the  phase  differences 
between  the  electric  currents  flowing  on  different  parts  of  the  antenna 
increase.  Thus,  the  radiated  fields  emanating  from  different  locations 
on  the  antenna  add  constructively  and  destructively  at  different  direc¬ 
tions.  This  deteriorates  the  omni-directionality  of  the  antenna  and 
effectively  limits  its  operating  bandwidth. 

To  develop  an  UWB  antenna  with  consistent  radiation  characteris¬ 
tics  over  an  extremely  wide  bandwidth,  we  use  the  antenna  introduced 
in  [14]  as  a  building  block  and  improve  the  consistency  of  its  radi¬ 
ation  patterns.  This  can  be  accomplished  by  reducing  the  effective 
radiation  zone  of  the  antenna  as  frequency  increases.  One  method  for 
accomplishing  this  is  shown  in  Fig.  1,  where  a  smaller  and  slightly 
modified  version  of  the  original  antenna  is  mounted  on  top  of  the  top 
hat  of  the  larger  antenna.  In  this  arrangement,  the  smaller  antenna  is 
designed  such  that  it  has  a  lowest  frequency  of  operation  that  approxi¬ 
mately  coincides  with  the  highest  frequency  of  operation  of  the  larger 
antenna.  In  this  case,  the  highest  operating  frequency  of  the  larger 
antenna  is  determined  by  the  maximum  frequency  at  which  the  radi¬ 
ation  patterns  of  the  larger  antenna  remain  acceptable.  The  antenna 
arrangement  shown  in  Fig.  1  can  be  fed  with  a  frequency-dependent 
feed  network  that  automatically  feeds  the  correct  antenna  based  on 
the  frequency  of  the  excitation  signal.  When  fed  in  this  manner,  the 
structure  acts  as  a  single  antenna  with  an  extremely  broad  bandwidth. 

While  the  structure  shown  in  Fig.  1  can  operate  over  a  larger  band¬ 
width  compared  to  a  single-element  antenna,  its  height  is  increased 
compared  to  the  single-element  antenna  of  [14].  This  becomes  an  issue 
if  this  type  of  antenna  is  to  be  used  for  relatively  low-frequency  appli¬ 
cations  (e.g.,  upper  HF  and  the  lower  VHF  bands).  To  circumvent  this 
problem,  we  first  examine  the  electric  field  distribution  in  the  near-field 
region  of  the  antenna.  Fig.  2(a)  and  (b)  shows  the  electric  field  distribu¬ 
tion  in  the  near-field  region  of  the  antenna  proposed  in  [14]  in  the  x-z 
and  y-z  planes,  respectively.  As  can  be  observed,  the  intensity  of  the 
electric  field  in  the  central  region  of  the  antenna  (marked  “field  free”)  is 
significantly  smaller  than  the  field  intensity  in  the  other  regions.  A  sim¬ 
ilar  behavior  is  also  observed  for  the  magnetic  field  intensity  in  this 
region  (for  brevity,  the  field  distributions  are  not  shown.)  Therefore, 
if  the  central  part  of  the  antenna’s  top  hat  is  modified  in  this  region, 
the  response  of  the  structure  is  not  expected  to  change  significantly. 
Specifically,  the  topology  of  the  antenna  shown  in  Fig.  1  can  be  mod¬ 
ified  and  the  smaller  antenna  can  be  partially  embedded  in  the  larger 
antenna  as  shown  in  Fig.  3.  In  this  arrangement,  the  top  hat  of  the 
larger  antenna  is  modified  to  create  an  open  top  cavity  in  its  field  free 
region.  Fig.  2(c)  and  (d)  shows  the  electric  field  distribution  in  the  near 
field  of  the  larger  antenna  with  the  modified  top  hat  in  the  x-z  and 
y-z  planes,  respectively.  As  seen,  the  intensity  of  the  electric  field  in 
the  region  marked  “field  free”  (below  the  top  hat)  is  still  considerably 
smaller  compared  to  the  surrounding  regions.  Using  the  antenna  topol¬ 
ogy  shown  in  Fig.  3,  the  overall  height  of  the  antenna  shown  in  Fig.  1 
can  be  reduced  while  achieving  the  desired  broadband  operation. 

To  examine  the  impact  of  the  cavity  height  on  the  performances  of 
both  antennas,  a  prototype  of  the  structure  shown  in  Fig.  3  is  simulated 
in  CST  Microwave  Studio.  The  dimensions  of  the  larger  antenna  in 
this  prototype  are  12.1  cm  x  12.1  cm  x  1.8  cm  and  that  of  the  smaller 
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Fig.  2.  Normalized  electric  field  distribution  of  the  larger  antenna  shown  in 
Fig.  1  at  1.0  GHz  in  the  (a)  x-z  plane  and  (b)  y-z  plane,  (c)  and  (d)  Normalized 
electric  field  distribution,  at  1  GHz,  of  the  large  antenna  when  its  top  hat  is 
modified  to  create  an  open  top  cavity:  x-z  plane  and  y-z  plane. 


Fig.  3.  (a)  3-D  topology  of  the  proposed  antenna,  (b)  Side  view,  (c)  Top  view. 
The  parameters  labeled  are  as  follows  :  l\  =  30.2, 12  =  30.2,  l[  =  15.1,  V2  = 
4.5,  f=109,  f  =  36.3,  d  =  6,  W  =  121.  The  values  are  in  mm. 


antenna  are  4  cm  x  4  cm  x  0.9  cm.  Other  significant  geometrical 
parameters  of  the  antennas  are  presented  in  the  caption  of  Fig.  3.  These 
dimensions  are  obtained  following  the  design  procedure  reported  in 
[14]  and  are  chosen,  so  that  the  larger  and  smaller  antennas  have 
lowest  frequencies  of  operation  of  0.6  and  2  GHz,  respectively.  This 
frequency  range  is  chosen  for  our  experimental  studies  because  the 
lowest  frequency  of  operation  of  our  antenna  characterization  system 
is  0.6  GHz.  Fig.  4(a)  and  (b)  shows  the  impact  of  the  cavity  depth  d  on 
the  input  VSWRs  of  both  antennas.  In  these  simulations,  each  antenna 
is  fed  with  a  lumped  port  at  its  feed  location.  As  can  be  observed  from 
Fig.  4(a),  changing  the  cavity  depth  does  impact  the  VSWR  of  the 
larger  antenna.  However,  the  most  significant  variations  are  observed  at 
frequencies  above  4  GHz,  which  fall  outside  of  the  (omni-directional) 
bandwidth  of  this  antenna.  Particularly,  the  cavity  depth  does  not  sig¬ 
nificantly  impact  the  VSWR  of  the  larger  antenna  below  4.0  GHz  for 


Frequency  {GHz) 


Fig.  4.  VSWRs  of  the  (a)  large  and  (b)  small  antennas  shown  in  Fig.  3  for 
different  cavity  depths. 


cavity  depths  as  large  as  6  mm.  This  figure  also  shows  the  effect  of  the 
presence  of  the  smaller  antenna  in  the  top  cavity  (for  d  —  6  mm)  on 
the  input  VSWR  of  the  larger  antenna.  Fig.  4(b)  shows  that  increas¬ 
ing  the  cavity  depth  slightly  deteriorates  the  VSWR  of  the  smaller 
antenna,  particularly  in  the  frequency  band  of  2.5-3  GHz.  Based  on 
the  results  shown  in  Fig.  4,  it  appears  that  choosing  a  cavity  depth 
of  d  =  6  mm  offers  a  good  compromise  between  the  height  and 
impedance  matching. 


B.  Feed  Network  Design 

To  work  as  a  single,  ultra-broadband  radiator,  the  antenna  shown  in 
Fig.  3  uses  a  frequency-dependent  feed  network  that  feeds  the  appro¬ 
priate  radiating  structure  based  on  the  frequency  of  the  input  signal. 
This  can  be  accomplished  using  a  diplexer  and  a  simple  power  divider 
as  shown  in  Fig.  5(a).  This  feed  network  consists  of  a  main  50- Q  line, 
a  T-junction,  and  a  highpass  and  a  lowpass  filter.  The  circuit  models  of 
the  lowpass  and  highpass  filters  used  in  this  feed  network  are  shown 
in  Fig.  5(b)  and  (c),  respectively.  The  lowpass  filter  and  the  highpass 
filter  have  second-order  responses.  This  feed  arrangement  ensures  that 
each  antenna  is  only  excited  in  the  desired  frequency  band  of  opera¬ 
tion.  To  feed  the  smaller  antenna  in  practice,  a  coaxial  cable  is  used. 
This  cable  passes  through  the  ground  plane  of  the  larger  antenna  and 
its  top  hat  to  arrive  at  the  input  terminals  of  the  smaller  structure.  Since 
this  cable  passes  through  the  near-field  of  the  larger  antenna,  it  impacts 
the  impedance  matching  of  that  antenna  slightly.  As  a  result,  a  series 
capacitor  is  used  at  the  terminals  of  the  larger  antenna  to  help  improve 
the  overall  VSWR  of  the  structure  [see  Fig.  5(a)]. 

The  larger  antenna  loses  its  omni-directionality  at  approximately 
2  GHz,  whereas  the  smaller  antenna  starts  to  radiate  efficiently  at 
around  this  frequency.  The  lumped  element  values  of  the  various  com¬ 
ponents  of  the  feed  network  are  chosen  in  a  manner  to  achieve  a 
diplexer  cutoff  frequency  of  around  2  GHz  and  a  good  impedance 
match  at  the  input  port  of  the  feed  network.  The  values  of  the  lumped 
element  inductors  and  capacitors  used  in  the  design  of  this  feed  net¬ 
work  are  reported  in  the  caption  of  Fig.  5.  The  response  of  the  diplexer 
is  simulated  in  Agilent’s  Advanced  Design  System  (ADS)  and  the 
results  are  presented  in  Fig.  5(d). 

To  predict  the  response  of  the  antenna  shown  in  Fig.  3  with  its  feed 
network  [shown  in  Fig.  5(a)],  the  antenna  is  first  simulated  in  CST 
Microwave  Studio  including  the  coaxial  cable  that  feeds  the  smaller 
antenna.  The  physical  parameters  of  this  antenna  are  shown  in  the 
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Fig.  5.  (a)  Topology  of  the  frequency-dependent  feed  network  used  to  feed  the 
composite  two-element  antenna  shown  in  Fig.  3.  The  antenna  is  represented 
with  the  two-port  network.  The  feed  network  is  composed  of  a  diplexer  in  con¬ 
junction  with  a  series  capacitor,  (b)  Circuit  model  of  the  low-pass  filter  used 
in  the  diplexer.  (c)  Circuit  model  of  the  high-pass  filter  used  in  the  diplexer. 
(d)  Frequency  responses  of  the  diplexer.  Dashed  and  solid  lines  correspond  to 
diplexers’  responses  designed  for  the  simulated  and  the  fabricated  antenna  pro¬ 
totype,  respectively.  The  values  of  the  lumped  elements  used  in  the  simulated 
(fabricated)  feed  network  are  as  follows:  L i  =  4  (3.3),  L[  =  1.2  (1.6).  These 
values  are  in  nH.  C\  =  0.85  (1),  C[  =  0.9  (0.7),  and  Cm  =  4.4  (3.3).  These 
values  are  in  pF. 


Fig.  6.  Simulated  and  measured  input  reflection  coefficients  of  the  two-port 
antenna. 


Fig.  7.  Simulated  and  measured  input  VSWRs  of  the  antenna. 


caption  of  Fig.  3.  The  input  reflection  coefficients  of  each  antenna  sim¬ 
ulated  in  CST  Microwave  Studio  are  shown  in  Fig.  6.  The  simulated 
two-port  S -parameters  of  the  antenna  are  then  exported  to  the  circuit 
simulation  software  Agilent  ADS  and  the  response  of  the  antenna 
with  the  feed  network  is  calculated  using  circuit-based  simulations 
in  ADS.  In  these  combined  full- wave/circuit  simulations,  the  effects 
of  the  frequency-dependent  variations  of  the  input  impedances  of  the 
antennas  as  well  as  those  of  the  feed  network  are  all  taken  into  account. 
Fig.  7  shows  the  simulated  input  VSWR  of  the  antenna,  as  seen  from 
the  input  port  of  the  feed  network.  As  can  be  observed,  the  responses 
of  the  two  antennas  can  be  combined  successfully.  Based  on  these 
simulation  results,  the  antenna  is  expected  to  have  a  VSWR  below  2.7 
from  0.66  to  5.4  GHz. 


fl>) 

Fig.  8.  (a)  and  (b)  Topology  of  the  fabricated  prototype  showing  the  SMA  con¬ 
nector  used  to  feed  the  larger  antenna  and  the  semirigid  coaxial  cable  feeding 
the  smaller  antenna,  (a)  x-z  plane,  (b)  y-z  plane. 


III.  Measurement  Results  and  Discussion 

The  antenna  was  fabricated.  The  fabricated  prototype  is  mounted 
on  a  circular  ground  plane  with  a  radius  of  35  cm.  The  larger  antenna 
is  fed  with  an  SMA  connector  at  the  center.  The  smaller  antenna  is 
fed  with  a  semirigid  coaxial  cable  that  passes  through  a  hole  drilled  in 
the  metallic  ground  plane  of  the  larger  antenna.  This  hole  is  8.4  mm 
off  center  (along  the  negative  y-axis  direction)  with  respect  to  the  feed 
point  of  the  larger  antenna.  This  offset  is  required  to  avoid  the  SMA 
connector  feeding  the  larger  antenna,  which  is  located  at  the  center  of 
the  ground  plane.  Above  the  ground  plane,  an  S-shaped  bend  is  created 
in  this  semirigid  coaxial  cable  to  feed  the  smaller  antenna  at  the  center 
feed  location.  The  outer  conductor  of  this  cable  is  connected  to  the  top 
hat  of  the  larger  antenna  and  its  center  conductor  is  connected  to  the 
feed  point  of  the  smaller  antenna.  The  outer  shield  of  this  semirigid 
coaxial  cable  is  electrically  connected  to  the  ground  plane  of  the  larger 
antenna  at  the  location  where  it  passes  through  this  ground  plane.  This 
is  done  to  ensure  that  any  current  that  may  be  induced  on  the  outer 
surface  of  the  outer  shield  of  this  cable  (by  the  larger  antenna)  is  sim¬ 
ply  shorted  to  the  ground  and  does  not  flow  along  the  feeding  cable. 
The  presence  of  this  semirigid  feeding  coaxial  cable  in  the  near-field 
of  the  larger  antenna  does  not  significantly  impact  its  performance. 
This  is  due  to  the  fact  that  the  region  where  this  cable  is  placed  in  the 
“field  free”  region  of  the  larger  antenna  as  shown  in  Fig.  2(c)  and  (d). 
Moreover,  the  fact  that  this  cable  short  circuits  the  top  hat  of  the  larger 
antenna  to  ground  at  this  location  also  does  not  impact  the  response 
of  the  larger  antenna  since  the  center  part  of  the  top  hat  of  the  larger 
antenna  is  a  virtual  ground  point.  Fig.  8(a)  and  (b)  shows  a  detailed 
drawing  of  the  feeding  mechanism  of  the  antenna  in  the  x-z  and  y-z 
planes,  respectively. 

The  S -parameters  of  the  prototype  are  measured  using  a  vector  net¬ 
work  analyzer.  Fig.  6  shows  a  comparison  between  the  measured  and 
the  simulated  input  reflection  coefficients  of  the  two  antennas.  In  gen¬ 
eral,  there  is  a  very  good  agreement  between  the  simulation  and  the 
measurement  results  at  low  frequencies  (i.e.,  for  the  larger  antenna). 
This  is  due  to  the  fact  that  at  these  frequencies,  the  wavelength  is 
large.  Therefore,  the  inevitable  variations  that  exist  (due  to  fabrication 
errors)  between  the  exact  dimensions  of  the  fabricated  antenna  and 
those  of  the  simulated  one  are  only  a  small  fraction  of  the  wavelength 
and  do  not  significantly  impact  the  measurement  results.  As  frequency 
increases,  however,  these  small  variations  become  more  significant  as 
evidenced  by  the  deterioration  of  the  agreement  between  the  measured 
and  simulated  results  seen  in  Fig.  6.  There  is  also  a  generally  good 
agreement  at  higher  frequencies  which  can  be  seen  in  Fig.  6  other  than 
a  slight  frequency  shift  in  the  second  resonance  of  the  second  port’s 
measured  input  impedance  compared  to  the  simulated  one. 
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Fig.  9.  Measured  and  simulated  radiation  patterns  of  the  antenna  in  the  (a)  azimuth  (x-y)\  (b)  elevation  (x-z);  and  (c)  elevation  (y-z)  planes.  Blue  solid  line  is 
the  measured  co-pol  (Eg)  component.  Blue  dashed  line  is  simulated  co-pol  (Eg)  component.  Red  solid  line  is  measured  cross-pol  (E^)  component.  Red  dashed 
line  is  simulated  cross-pol  (E^)  component. 


The  feed  network  discussed  in  Section  II-B  was  also  fabricated  and 
the  response  of  the  antenna  and  the  feed  network  together  were  mea¬ 
sured.  To  compensate  for  the  slight  discrepancies  observed  between 
the  measurement  and  simulation  results  observed  in  Fig.  6,  the  ele¬ 
ment  values  of  the  fabricated  feed  network  are  slightly  different.  These 
new  feed  network  element  values  are  reported  in  the  caption  of  Fig.  5. 
The  measured  response  of  the  fabricated  feed  network  is  shown  in 
Fig.  5(d).  As  seen,  the  cutoff  frequency  of  this  diplexer  is  also  around 
2  GHz.  The  measured  input  VSWR  of  the  antenna  as  seen  from  the 
input  terminal  of  the  feed  network  is  presented  in  Fig.  7  along  with  the 
simulation  results.  As  can  be  observed,  the  fabricated  antenna  demon¬ 
strates  a  VSWR  below  2.7:1  over  the  frequency  range  0.66-5.9  GHz. 
The  discrepancies  between  the  measured  and  the  simulated  responses 
are  attributed  to  fabrication  tolerances  (specifically  those  of  the  3- 
D  loops),  the  uncertainties  in  modeling  the  through-hole  vias,  SMA 
connectors,  and  the  feeding  cable  (of  the  smaller  antenna),  as  well  as 
the  tolerances  in  the  values  of  the  capacitors,  inductors,  and  dielectric 
constant  of  the  substrate  of  the  feed  network. 

The  radiation  parameters  of  the  fabricated  antenna  with  its  feed 
network  were  measured  using  a  multiprobe  spherical  near-field  mea¬ 
surement  system.  The  measurement  process  is  carried  out  over  the 
frequency  range  0.6-6  GHz.  Fig.  9(a)-(c)  shows  the  measured  radia¬ 
tion  patterns  of  the  fabricated  antenna  system  along  with  the  simulated 
results  for  different  frequencies.  Fig.  9(a)  shows  the  measured  radi¬ 
ation  pattern  of  the  antenna  in  the  azimuth  plane  (x  -  y  plane). 
The  results  for  both  the  co-  and  cross-polarized  components  of  the 
radiated  fields  are  presented.  The  antenna  shows  relatively  low  cross¬ 
polarization  levels  across  its  entire  band  of  operation.  As  can  be 
observed,  unlike  the  structure  reported  in  [14],  this  antenna  maintains 
its  omni- directionality  over  an  extremely  broad  bandwidth  starting 
from  0.6  GHz  to  approximately  5.6  GHz.  Fig.  9(b)  and  (c)  shows  the 
measured  and  the  simulated  radiation  patterns  of  the  antenna  in  two 


elevation  planes  ( x-z  and  y-z  planes).  Observe  that  despite  the  fact 
that  the  antenna  is  not  rotationally  symmetric,  it  demonstrates  simi¬ 
lar  radiation  patterns  in  both  elevation  planes.  Moreover,  the  radiation 
patterns  of  the  antenna  in  these  two  planes  are  similar  to  those  of 
a  monopole  antenna  with  a  finite  ground  plane  size.  Similar  to  the 
previous  case,  a  good  agreement  between  the  measured  and  the  simu¬ 
lated  results  and  relatively  low  levels  of  cross-polarized  radiation  are 
also  observed  in  these  results.  There  is  no  cross-polarized  radiation 
in  the  y-z  plane  of  simulation  results  because  the  simulated  structure 
is  perfectly  symmetric  with  respect  to  this  plane  while  such  an  exact 
symmetry  does  not  exist  in  the  fabricated  prototype  due  to  fabrica¬ 
tion  errors  resulting  in  the  presence  of  low  cross-polarization  levels  in 
measurement  results. 

This  antenna  radiates  similar  to  a  monopole  antenna  placed  on  a 
finite  ground  plane.  In  such  antennas,  as  long  as  the  ground  plane 
dimensions  are  larger  than  approximately  half  a  wavelength,  the 
ground  plane  size  will  not  significantly  affect  the  input  VSWR  of 
the  antenna.  In  such  structures,  the  ground  plane  dimensions  pri¬ 
marily  impact  the  shape  of  the  radiation  patterns  of  the  antenna. 
A  larger  ground  plane  reduces  the  radiation  toward  the  lower  hemi¬ 
sphere  and  slightly  increases  the  gain  and  directivity  of  the  antenna. 
Moreover,  using  a  larger  ground  plane  is  beneficial  in  reducing  the 
cross-polarization  levels  of  the  antenna.  This  is  due  to  the  fact  that  the 
magnitudes  of  the  horizontal  currents  excited  on  the  edges  of  the  finite 
ground  plane  decrease  as  the  ground  plane  size  increases.  Since  the 
proposed  antenna  is  expected  to  be  mounted  on  top  of  a  metallic  vehi¬ 
cle,  the  assumption  of  having  a  large  enough  ground  plane  is  expected 
to  be  valid  in  practice. 

The  realized  gain  of  the  antenna  system  as  well  as  its  total  effi¬ 
ciency  is  also  measured  using  the  spherical  near  field  measurement 
system  and  the  results  are  presented  in  Fig.  10.  The  realized  gain  of 
the  antenna  takes  into  account  the  effect  of  impedance  mismatch  as 
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Fig.  10.  Measured  realized  gain,  total,  and  radiation  efficiency  of  the  antenna. 

TABLE  I 

Comparison  of  the  Performance  of  the  Proposed  Antenna  With 
a  Representative  Sample  of  the  Current  State-of-the-Art  in 
Low-Profile,  Vertically  Polarized,  UWB  Antennas  With 
Monopole-Like  Radiation  Characteristics 


Group 

B(,  ATmfi ) 

L(  ) 

W(Jw„) 

BW 

[I6| 

0.065 

0.18 

0.18 

1.9:1 

[41 

Oh  1 25 

Oh  25 

Oh  25 

10;! 

[91 

0.077 

0.154 

0.154 

1.2:1 

m 

0.065 

0,264 

0.264 

4;U 

[7] 

0.053 

0,36 

0.36 

4:1* 

[171 

ai 

0.4 

0.4 

10:1 

[81 

0.06 

0.2 

0,2 

1.46:1 

H81 

0.085 

0.189 

0, 189 

5.5:1 

I'19| 

0.088 

0.15 

0.15 

4:1* 

[141 

0.033 

0.24 

0.24 

41 

Tins  work 

0.046 

0.26 

0.26 

8.5:1 

*  denotes  for  the  reported  bandwidth. 


well  as  the  ohmic  losses  in  the  antenna  structure  and  the  fabricated 
feed  network.  As  can  be  observed,  over  most  of  its  operating  band, 
the  antenna  demonstrates  a  gain  higher  than  4.0  dBi.  Similar  to  the 
realized  gain  results,  the  total  antenna  efficiency  takes  ohmic  losses, 
impedance  mismatch,  and  the  feed  network  losses  into  account.  As 
can  be  observed,  the  total  antenna  efficiency  remains  above  60%  over 
most  of  the  antenna’s  frequency  band  of  operation  while  radiation 
efficiency  is  mostly  over  70%.  Table  I  provides  a  comparison  between 
the  performance  of  this  antenna  with  the  current  state-of-the-art  in 
vertically  polarized,  ultra-broadband  antennas  with  monopole-like 
radiation  characteristics.  To  allow  for  a  fair  comparison  of  the  perfor¬ 
mances  of  the  different  antennas  reported  in  this  table,  the  bandwidth 
of  each  antenna  is  calculated  by  determining  the  frequency  range  over 
which  the  input  VSWR  is  better  than  3:1  and  the  antenna  maintains  an 
omni-directional  radiation  pattern.  As  can  be  observed,  the  proposed 
antenna  has  one  of  the  lowest  overall  heights  among  the  state-of-the-art 
compact,  vertically  polarized  UWB  antennas  reported  to  date. 

IV.  Conclusion 

A  UWB  antenna  with  an  extremely  low-profile  and  consistent 
monopole-like  radiation  patterns  was  presented  and  discussed  in  this 
communication.  The  antenna  takes  advantage  of  two  important  prop¬ 
erties  of  a  recently  reported  UWB  antenna  [14].  These  include  the 
extremely  low-profile  nature  of  this  design  and  a  relatively  large 
field-free  region  within  the  center  of  the  volume  of  this  antenna. 
The  latter  property  was  exploited  in  this  work  to  place  a  smaller, 
slightly  modified  version  of  this  antenna  within  its  interior  field- 
free  region.  The  smaller  antenna  operates  at  a  higher  frequency 
than  the  larger  antenna.  A  frequency-dependent  feed  network  was 
used  to  feed  each  antenna  only  in  the  frequency  range  where  it 
radiates  omni-directionally.  This  way,  a  single  radiator  capable  of 


providing  consistent  monopole-like  radiation  characteristics  over  an 
extremely  broad  bandwidth  was  obtained.  The  antenna’s  electrical 
dimensions  at  its  lowest  frequency  of  operation  are  0.26Amin  x 
0.26Amin  x  0.046Amin.  The  antenna  shows  a  VSWR  better  than  2.7:1 
and  monopole-like  radiation  characteristics  over  approximately  an 
8.5:1  bandwidth.  The  structure  has  a  total  efficiency  better  than  60% 
over  its  entire  band  of  operation.  The  proposed  antenna  is  expected  to 
be  particularly  useful  for  military  communication  systems  operating  at 
the  upper  end  of  the  HF  band,  the  entire  VHF  band,  and  the  lower  end 
of  the  UHF  frequency  bands  where  currently  high-profile,  monopole 
whip  antennas  are  widely  used.  In  such  applications,  low-profile,  wide¬ 
band  antennas  capable  of  providing  VSWRs  better  than  3:1  are  highly 
sought.  Using  the  concept  proposed  in  this  communication  offers  a 
practical  means  of  achieving  vertically  polarized  monopole-like  radia¬ 
tion  from  a  structure  that  has  a  significantly  lower  overall  profile  and 
an  extremely  larger  bandwidth  than  a  conventional  monopole  whip 
antenna  and  does  not  need  automatic  impedance  tuners  to  operate  over 
a  wide  bandwidth. 
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Parallel  Marching-on-in-Degree  Solver  of  Time-Domain 
Combined  Field  Integral  Equation  for  Bodies 
of  Revolution  Accelerated  by  MLACA 

Z.  He,  H.  H.  Zhang,  and  R.  S.  Chen 


Abstract — Time-domain  combined  field  integral  equation  (TD-CFIE) 
for  bodies  of  revolution  (BORs)  is  solved  by  marching-on-in-degree  (MOD) 
method.  A  multilevel  partitioning  is  adopted  to  group  the  spatial  basis 
functions  along  the  longitudinal  dimension.  The  interactions  of  the  adja¬ 
cent  groups  are  calculated  directly  in  the  traditional  manner,  while  the 
impedance  matrices  associated  with  the  well-separated  groups  at  each  level 
are  computed  by  the  multilevel  adaptive  cross  approximation  (MLACA) 
algorithm.  The  hybrid  MPI  and  OpenMP  parallel  programming  technique 
is  utilized  to  further  accelerate  the  solving  process  on  a  shared-memory 
computer  system.  Two  numerical  results  demonstrate  that  the  proposed 
method  can  greatly  reduce  the  memory  requirement  and  CPU  time,  thus 
enhance  the  capability  of  MOD  method. 

Index  Terms — Body  of  revolution  (BOR),  marching-on-in-degree 
(MOD)  method,  MPI,  multilevel  adaptive  cross  approximation  (MLACA) 
algorithm,  OpenMP,  time-domain  combined  field  integral  equation  (TD- 
CLIE). 


I.  Introduction 

In  the  area  of  computational  electromagnetics,  scattering  from 
bodies  of  revolution  (BORs)  such  as  spheres,  cylinders,  and  ellip¬ 
soids  are  often  used  as  benchmark  targets  to  validate  new  methods. 
Meanwhile,  many  real-world  objects  such  as  warhead,  radome,  and 
reflector  antenna  are  also  BORs.  Therefore,  the  scattering  analysis  of 
BORs  is  very  useful  and  important.  Due  to  their  rotationally  sym¬ 
metrical  property,  the  integral  equation  can  be  discretized  by  using 
basis  functions  defined  on  the  boundary  curve  and  Fourier  series  in 
the  azimuthal  direction.  Since  different  Fourier  modes  are  indepen¬ 
dent,  only  a  small  matrix  equation  needs  to  be  solved  for  each  Fourier 
mode,  which  can  reduce  both  the  memory  requirement  and  the  CPU 
time  greatly  [l]-[3]. 
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The  time-domain  integral  equation  (TDIE)  has  been  widely  used  to 
analyze  many  practical  transient  electromagnetic  scattering  problems 
in  the  past  decades.  There  are  two  solution  schemes  for  the  transient 
electromagnetic  scattering  analysis,  namely  the  marching-on-in-time 
(MOT)  method  [4],  [5]  and  marching-on-in-degree  (MOD)  method 
[6]— [8].  However,  for  BORs,  the  MOT  method  cannot  make  use  of 
the  axial  symmetry  of  them  since  the  subdomain  temporal  basis  func¬ 
tions  are  adopted  [9].  The  MOD  method  does  not  have  this  limitation 
because  the  weighted  Laguerre  polynomials  are  used  as  the  global 
temporal  basis  functions.  Originally,  the  MOD  solver  of  time-domain 
magnetic  field  integral  equation  (TD-MFIE)  is  proposed  for  the  tran¬ 
sient  electromagnetic  scattering  analysis  of  closed  BORs  [10].  In 
this  communication,  we  presented  the  MOD  solver  of  time-domain 
combined  field  integral  equation  (TD-CFIE)  for  BORs. 

Since  the  impedance  matrices  of  each  Fourier  mode  are  dense  matri¬ 
ces  in  the  MOD  solver  of  TD-CFIE  for  BORs,  the  matrix  filling  time, 
memory  requirement,  and  matrix-vector  multiplication  operations  are 
of  O(Ng)  complexity,  where  Ns  is  the  number  of  spatial  unknowns 
for  each  mode.  In  other  words,  the  MOD  solver  of  TDIE  calls  for 
very  high  computational  cost  and  memory  requirement  for  large-scale 
scattering  problems.  As  a  result,  many  fast  algorithms  based  on  the 
MOD  solver  of  TDIE  method  have  been  applied  to  overcome  this  dif¬ 
ficulty  to  some  reasonable  extent  in  recent  years.  For  example,  the  fast 
Fourier  transform  (FFT)  [11],  the  UV  method  [12],  the  adaptive  cross 
approximate  (AC A)  algorithm  [13],  and  so  on.  By  using  these  fast 
algorithms,  the  computational  complexity  can  be  reduced  for  the  anal¬ 
ysis  of  transient  electromagnetic  scattering  problems.  The  multilevel 
adaptive  cross  approximation  (MLACA)  algorithm  has  been  applied 
to  the  MOD  solver  of  TDIE  to  accelerate  matrix-vector  product  and 
reduce  the  memory  requirement  in  [13].  The  MLACA  algorithm  is 
a  purely  algebraic  and  kernel  independent  algorithm  [14].  In  this 
communication,  the  MLACA  algorithm  is  utilized  to  speed  up  the 
transient  electromagnetic  scattering  analysis  of  BoRs.  Moreover,  the 
hybrid  MPI  and  OpenMP  parallel  programming  technique  is  adopted 
to  further  accelerate  the  solving  process  on  a  shared-memory  computer 
system. 

The  remainder  of  this  communication  is  organized  as  follows. 
Section  II  gives  a  detailed  introduction  of  the  proposed  method.  Two 
numerical  results  are  presented  to  demonstrate  the  accuracy  and  effi¬ 
ciency  of  the  proposed  method  in  Section  III.  At  last,  the  conclusion  is 
given  in  Section  IV. 


II.  Theory  and  Formulation 


A.  MOD  Solver  of  TDIE  for  BORs 


Considering  that  a  PEC  BOR  is  illuminated  by  a  transient  elec¬ 
tromagnetic  field  {E^r,  r),  H^r,  t)}  in  free  space,  as  shown  in 
Fig.  1.  The  TD-EFIE  and  the  TD-MFIE  can  be  written  as  follows, 
respectively, 


n  x  n  x  E'(r,  r)  —  n  x  n  x 


Po  /"  J(r',r  -  R/c)  dg, 


47T  dt 


/ 


R 


t  —  R/  c 


—  n  x  n  x 


47T£o 


//^ 


-dr  dS' 
(1) 


^  N  J(r,  t)  ^  _ 

n  x  H  (r,  r)  =  v  J  -  n  x  V  x 


/ 

So 


4ttR 


dS'  (2) 
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An  Electrically  Small,  Vertically  Polarized 
Ultrawideband  Antenna  With  Monopole-Like 
Radiation  Characteristics 

Seyed  Mohamad  Amin  Momeni  Hasan  Abadi,  Student  Member,  IEEE ,  and  Nader  Behdad,  Senior  Member,  IEEE 


Abstract — We  present  an  electrically  small,  low-profile,  ultraw¬ 
ideband  (UWB)  antenna  with  monopole-like  radiation  characteris¬ 
tics.  The  antenna  is  composed  of  a  monopole  bow-tie  antenna  reac- 
tively  loaded  with  a  cascaded  system  of  top  hats,  two  shorting  arms, 
and  a  ring  slot  cut  into  the  ground  plane.  The  reactive  loads  are 
used  to  introduce  two  additional  resonances  close  to  each  other  and 
below  the  lowest  resonant  frequency  of  the  bow-tie.  This  results  in 
a  very  compact,  ultrawideband  antenna  that  utilizes  the  available 
volume  inside  the  Chu’s  sphere  rather  efficiently.  At  the  lowest  fre¬ 
quency  of  operation,  the  proposed  antenna  has  electrical  dimen¬ 
sions  of  0.085Amin  X  0.189Amin  X  0.189Amin,  where  Amin  is 
the  free-space  wavelength.  The  antenna  demonstrates  a  VSWR  of 
2.2:1  and  consistent  monopole-like,  omnidirectional  radiation  pat¬ 
terns  over  a  5.5:1  bandwidth.  A  prototype  of  the  antenna,  which 
operates  in  the  0.6-3.2-GHz  band,  is  fabricated  and  characterized 
using  a  multiprobe  spherical  near-held  system. 

Index  Terms — Electrically  small  antennas,  omnidirectional  an¬ 
tennas,  ultrawideband  antennas. 


I.  Introduction 

ERTICALLY  polarized  antennas  with  omnidirectional  ra¬ 
diation  characteristics  have  been  studied  widely  in  the 
past.  These  antennas  are  commonly  used  for  many  communica¬ 
tions  applications,  particularly  military  communications  at  the 
HF,  VHF,  and  UHF  frequency  bands.  In  such  applications,  phys¬ 
ically  large  monopole  (whip)  antennas  are  widely  used.  How¬ 
ever,  such  monopole  antennas  suffer  from  a  number  of  prac¬ 
tical  challenges.  First,  to  radiate  efficiently,  monopole  antennas 
need  to  be  at  least  a  quarter  of  a  wavelength  long.  Therefore, 
it  is  not  uncommon  to  see  several-meters-long  whip  antennas 
used  at  HF  and  VHF  frequency  bands.  Such  physically  large  an¬ 
tenna  dimensions  present  numerous  practical  and  security  chal¬ 
lenges  in  these  systems.  Second,  whip  antennas  tend  to  be  nar¬ 
rowband  and  seldom  can  they  cover  the  entire  HF  or  VHF  band 
without  the  use  of  external  antenna  tuners.  This  limits  the  appli¬ 
cation  of  such  antennas  in  radio  systems  that  exploit  waveforms 
with  instantaneously  wide  bandwidths.  Therefore,  compact  ul¬ 
trawideband  (UWB)  antennas  that  radiate  like  vertically  polar- 
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TABLE  I 

Comparison  Between  the  Performance  of  the  Antenna 
Reported  in  This  Work  and  a  Few  Other  Compact 
UWB  Antennas  Reported  in  the  Literature 


Ref.  Work 

H  /A min 

T/Amin 

IV/A  min 

BW 

ka 

[2] 

0.125 

0.250 

0.250 

10:1 

0.785 

[3] 

0.078 

0.156 

0.156 

1.2:1 

0.491 

[4] 

0.100 

0.400 

0.400 

10:1 

1.427 

[5] 

0.065 

0.180 

0.180 

1.9:1 

0.898 

[6] 

0.071 

0.284 

0.284 

4:1 

1.338 

[7] 

0.053 

0.360 

0.360 

4:1 

1.634 

[8] 

0.065 

0.200 

0.200 

1.5:1 

0.978 

[9] 

0.033 

0.240 

0.240 

4:1 

1.085 

Present  work 

0.085 

0.189 

0.189 

5.5:1 

0.803 

ized  monopoles  but  can  cover  an  extremely  large  instantaneous 
bandwidths  are  desired. 

A  number  of  previous  studies  have  been  conducted  in  this 
area.  Resistive  loading  of  the  antenna  has  been  used  to  improve 
the  impedance  matching,  and  thereby  enhancing  the  realized 
gain,  of  the  antenna  at  its  lowest  frequency  of  operation  [1]. 
This,  however,  adversely  affects  the  radiation  efficiency  and 
performance  of  the  structure  at  higher  frequencies.  Other 
approaches  have  relied  on  using  the  available  volume  of 
the  antenna  (e.g.,  the  volume  interior  to  Chu’s  sphere)  effi¬ 
ciently  [2]-[4]  or  using  multimode  resonant  structures  within 
the  confines  of  the  available  antenna  volume  [5]-[8]. 

An  important  goal  in  designing  a  compact  UWB  antenna  is 
to  obtain  the  widest  possible  bandwidth  with  the  lowest  ka  = 
(27t/A )a  value  at  the  lowest  frequency  of  operation  of  the  an¬ 
tenna  (a  is  the  radius  of  the  smallest  sphere  circumscribing  the 
antenna  [10]).  In  this  letter,  we  present  an  electrically  small 
UWB  antenna.  The  antenna  is  composed  of  a  bow-tie  struc¬ 
ture,  a  cascaded  system  of  top  hats,  two  shorting  arms,  and  a 
ring  slot  cut  into  the  ground  plane.  The  antenna’s  electrical  di¬ 
mensions  are  0.085Amin  x  0.189Amin  x  0.189Amin  at  its  lowest 
frequency  of  operation.  A  prototype  of  the  proposed  antenna 
is  also  fabricated  and  achieves  a  VSWR  of  2.2:1  over  an  ex¬ 
tremely  broad  frequency  band.  The  antenna  also  demonstrates 
monopole-like  frequency  radiation  patterns  over  a  bandwidth 
that  exceeds  5.5:1.  Table  I  presents  a  comparison  between  the 
performance  of  the  proposed  antenna  and  some  of  the  other 
top  performing  compact  broadband  antennas  reported  in  the 
literature. 

II.  Principles  of  Operation 

Fig.  1(a)  and  (b)  shows  the  three-dimensional  and  the  top 
views  of  the  proposed  antenna,  respectively.  The  antenna  is 
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Fig.  1 .  (a)  Three-dimensional  topology  of  the  proposed  UWB  antenna,  (b)  Top 
view  of  the  structure. 


£ 


> 


1.5  2.0  2.5 

Frequency  [GHz] 


Fig.  2.  Comparison  of  the  VSWRs  of  a  number  of  different  bow-tie  antennas 
that  fit  within  a  sphere  with  fixed  radius  of  a  =  58  mm.  For  a  given  antenna 
height,  each  antenna  has  the  largest  possible  size  that  fits  within  this  sphere. 


composed  of  a  top-loaded  bow-tie  section  with  a  system  of 
cascaded  top  hats  mounted  on  top  of  a  ground  plane,  two 
shorting  arms,  and  a  ring  slot  in  the  ground  plane.  The  low  end 
of  the  planar  bow-tie  is  connected  to  the  feed  extending  from 
the  ground  plane,  and  the  top  end  is  connected  to  the  bottom 
top  hat.  The  bottom  top  hat  is  connected  to  the  second  top  hat 
through  two  shorting  pins.  The  slanted  shorting  pins  connect 
the  bottom  top  hat  to  the  ground  plane.  A  rectangular-shaped 
ring  slot  is  cut  around  the  feed  in  the  ground  plane,  which 
creates  a  series  capacitor  in  the  path  of  the  electric  currents 
flowing  on  the  ground  plane  to  the  feed. 

To  understand  the  principles  of  operation  of  this  structure, 
we  will  examine  the  effects  of  different  building  blocks  of  the 
antenna  on  its  performance.  We  start  with  the  bow-tie  section. 
Let  us  consider  a  sphere  with  a  radius  of  5.8  cm.  The  VSWRs 
of  three  different  bow-tie  monopole  antennas,  which  fit  in 
this  sphere,  are  presented  in  Fig.  2.  The  first  resonance  of  the 
bow-tie  occurs  when  the  height  is  approximately  a  quarter  of 
a  wavelength.  Fig.  2  shows  that  as  the  height  increases,  the 
lowest  frequency  decreases.  However,  increasing  the  height 
to  the  maximum  possible  value,  i.e.,  a,  results  in  conversion 
of  the  bow-tie  to  a  conventional  thin  monopole  and  adversely 
impacts  the  impedance  matching  bandwidth  of  the  antenna.1 
To  achieve  a  compromise  between  the  antenna  height  and  the 
input  VSWR,  a  bow-tie  antenna  with  a  height  of  33.3  mm  and 
width  of  66.7  mm  is  used.  Interestingly,  this  bow-tie  fits  within 
the  largest  cubical  volume  completely  enclosed  by  the  sphere 
with  radius  of  a  =  5.8  cm. 

The  main  role  of  the  other  building  blocks  of  the  antenna 
shown  in  Fig.  3  is  to  act  as  a  composite  reactive  load  with 
proper  frequency  response  to  introduce  two  additional  reso- 

Hhis  can  be  seen  in  Fig.  2  by  comparing  the  red  and  blue  VSWR  curves.  The 
blue  antenna  has  a  lower  first  resonant  frequency,  but  higher  VSWR  than  the 
red  antenna. 


Fig.  3.  (a)  circuit  model  of  the  distributed  reactive  load  that  loads  the  bow-tie 
antenna,  (b)  Topology  of  the  bow-tie  antenna  loaded  with  the  distributed  load 
whose  equivalent  circuit  is  shown  in  part  (a). 


TABLE  II 

Geometrical  Parameters  of  the  Reactively  Loaded 
Bow-Tie  Antenna  Shown  in  Fig.  3(b) 


Parameter 

W\ 

W2 

vf3 

W4 

Hi 

h2 

D 

Value 

84.8 

12.0 

16.3 

2.3 

33.3 

41.9 

66.7 

nances  below  the  lowest  frequency  of  operation  of  the  bow-tie 
section  and  considerably  reduce  the  lowest  frequency  of  op¬ 
eration  of  the  structure.  The  lowest  resonance  in  the  bow-tie 
antenna  is  a  series-type  resonance.  According  to  the  Fosters 
reactance  theorem,  the  imaginary  part  of  the  reactance  for  pas¬ 
sive  and  lossless  networks  increases  with  frequency.  Therefore, 
to  further  reduce  the  lowest  frequency  of  the  bow-tie  antenna, 
a  reactive  load  with  a  series  resonance  at  a  frequency  of  f\ow 
and  a  parallel  resonance  at  a  frequency  of  /high  was  used.  The 
equivalent  circuit  model  of  this  resonator  is  composed  of  a  ca¬ 
pacitor  in  series  with  a  parallel  LC  circuit  as  shown  in  Fig.  3(a). 
This  circuit  has  two  resonances  at  /high  =  1/27 vy/LCi  and 
/low  =  1  / 27t y/L(Ci  +  C2),  which  are  of  parallel  and  series 
types,  respectively.  If  the  frequencies  of  these  new  resonances 
are  close  enough  to  each  other  and  also  fall  below  and  close  to 
the  lowest  frequency  of  the  bow-tie,  the  lowest  frequency  of 
operation  of  the  antenna  can  be  further  reduced. 

Fig.  3(b)  shows  the  geometrical  configuration  of  the  modified 
antenna  that  includes  the  proposed  reactive  load.  The  top  hat, 
shorting  arms,  and  the  ring  slot  cut  into  the  ground  plane  corre¬ 
spond  to  Ci,  L,  and  C2,  respectively.  The  top-hat  dimensions, 
which  correspond  to  C/,  affect  both  f\ow  and  /high-  Therefore, 
the  dimensions  of  the  top  hat  need  to  be  maximized  to  achieve 
the  maximum  miniaturization.  To  minimize  the  lateral  dimen¬ 
sions  of  the  antenna  and  efficiently  use  the  available  volume,  the 
top  hat  is  positioned  on  top  of  the  bow-tie  in  such  a  way  that  the 
diagonal  of  the  top  hat  is  aligned  with  the  plane  of  the  bow-tie. 
The  shorting  arms  mounted  on  the  ground  plane  and  the  top  hat 
correspond  to  L,  and  their  inductance  values  can  be  controlled 
by  the  length  H2  and  the  width  W2  of  the  arms.  The  inductor 
value  increases  by  decreasing  the  width  and/or  increasing  the 
length  of  the  arms.  Introducing  two  slanted  arms  at  both  sides 
of  the  bow-tie  helps  achieve  more  omnidirectional  radiation  pat¬ 
terns.  Finally,  the  ring  slot  cut  into  the  ground  plane  corresponds 
to  C2 .  The  value  of  this  capacitor  can  be  adjusted  by  controlling 
the  placement  of  the  slot  and  the  gap  size  between  the  inner  and 
outer  parts  of  the  ground  plane.  The  optimized  values  of  all  the 
geometrical  parameters  of  a  prototype  of  this  antenna  fit  in  a 
cubical  volume  with  the  lateral  dimensions  of  66.7  mm  and  are 
reported  in  Table  II. 


744 


IEEE  ANTENNAS  AND  WIRELESS  PROPAGATION  LETTERS,  VOL.  13,  2014 


Frequency  [GHz] 


Frequency  [GHz] 


Frequency  [GHz] 


Fig.  4.  Effect  of  the  reactive  load  added  to  the  bow-tie  antenna  on  the  performance  of  the  antenna,  (a)  Input  VSWR,  (b)  real  part  of  the  input  impedance,  and 
(c)  imaginary  part  of  the  input  impedance  of  the  bow-tie  and  the  reactively  loaded  bow-tie  antennas  are  shown. 


Fig.  5.  Comparison  between  the  VSWRs  of  the  antenna  with  and  without  the 
additional  top  hat  and  external  impedance  matching  network. 


Fig.  4(a)-(c)  shows  the  effect  of  the  reactive  load  on  the  per¬ 
formance  of  the  bow-tie  antenna.  As  can  be  seen  in  Fig.  4(c), 
a  parallel  resonance  and  a  series  resonance  close  to  the  lowest 
resonance  of  the  bow-tie  antenna  are  introduced.  Fig.  4(a)  com¬ 
pares  the  input  VSWR  of  the  antenna  with  and  without  the 
reactive  load.  The  lowest  frequency  where  a  VSWR  of  3  is 
achieved  is  further  reduced. 

A  number  of  different  techniques  can  be  employed  to  reduce 
the  VSWR  of  the  antenna  within  its  operational  bandwidth.  A 
possible  solution  to  do  this  is  to  increase  Ci,  which  shifts  both 
resonances  to  lower  frequencies.  The  quality  factor  of  the  series 
resonance  also  decreases,  which  helps  improve  the  antenna’s 
VSWR.  As  the  maximum  dimensions  are  already  chosen  for 
the  top  hat,  an  additional  top  hat  is  introduced  to  increase  C\ 
as  depicted  in  Fig.  1.  Adding  an  additional  top  hat  increases  the 
height  of  the  antenna  and  eventually  the  enclosing  sphere’s  ra¬ 
dius.  Therefore,  to  make  a  fair  comparison,  the  input  VSWR  of 
the  antenna  with  the  additional  top  hat  and  the  scaled  version  of 
the  antenna  [shown  in  Fig.  3(b)]  without  the  additional  top  hat 
are  compared  in  Fig.  5.  Both  of  these  antennas  fit  within  a  sphere 
with  a  radius  of  a  =  64  mm.  As  can  be  observed,  the  new  ver¬ 
sion  of  the  antenna  has  a  better  VSWR.  The  VSWR  can  further 
be  improved  by  using  an  external  four-element  matching  net¬ 
work  with  commercially  available  elements  of  Cext,i  =  9  pF, 
(7extj 2  =  9  pF,  Lext,i  =  14  nH,  and  Lext,2  =  36  nH.  The  circuit 
topology  of  the  external  matching  network  is  shown  in  Fig.  5. 
The  input  VSWR  of  the  antenna  with  additional  top  hat  and  the 
external  matching  network  is  also  shown  in  Fig.  5. 

III.  Measurement  Results  and  Discussion 

A  prototype  of  the  antenna  discussed  in  Section  II  is  fab¬ 
ricated.  A  dielectric  substrate  covered  with  metal  on  one  side 


with  an  etched  ring  slot  is  used  as  the  ground  plane  of  the  an¬ 
tenna.  The  external  matching  network  is  formed  by  chip  in¬ 
ductors  and  capacitors.  One  drawback  of  introducing  the  slot 
in  the  ground  plane  of  the  structure  is  that  it  makes  the  an¬ 
tenna  unbalanced  at  low  frequencies  (i.e.,  less  than  1.0  GHz) 
because  of  the  small  size  of  the  central  ground  plane.  To  ad¬ 
dress  this  problem,  a  coaxial  choke-balun  that  operates  within 
the  0.5- 1.5 -GHz  frequency  range  is  used  in  the  measurement. 
The  balun  effectively  chokes  the  currents  flowing  on  the  outer 
conductor  of  the  feeding  coaxial  cable.  The  measured  and  sim¬ 
ulated  input  VSWRs  of  the  prototype  are  shown  in  Fig.  6.  As 
can  be  observed,  the  VSWR  remains  lower  than  2.2  over  a  fre¬ 
quency  band  of  0.6  to  at  least  4  GHz. 

The  radiation  patterns  of  the  antenna  are  measured  using  a 
multiprobe  spherical  near-field  system.  Fig.  7  shows  the  far  field 
co-  and  cross-polarized  (Eq,  E^)  radiation  patterns  of  the  an¬ 
tenna  in  the  azimuth  plane  (xy -plane)  in  the  frequency  range  of 
0.6-3. 2  GHz.  Observe  that  the  radiation  patterns  remain  rela¬ 
tively  omnidirectional  within  the  azimuth  plane.  As  frequency 
increases  beyond  3.2  GHz,  the  radiation  pattern  of  the  antenna 
in  the  azimuth  plane  starts  to  become  more  directional.  This  di¬ 
rectionality  of  the  patterns  is  due  to  the  presence  of  the  shoring 
arms  at  two  ends.  The  measured  radiation  patterns  of  the  an¬ 
tenna  in  two  elevation  planes  (xz-  and  yz -planes)  are  shown 
in  Fig.  7  as  well.  Observe  that  the  antenna  at  these  two  planes 
has  radiation  patterns  similar  to  those  of  a  vertically  polarized 
monopole  antenna  on  a  finite  ground  plane. 

The  realized  gain  and  total  efficiency  of  the  antenna  are  also 
measured  using  the  same  near-field  system.  A  reference  double- 
ridged  horn  antenna  is  used  as  a  gain  calibration  standard.  The 
measured  peak  realized  gain  alongside  the  simulation  results 
and  also  the  measured  total  efficiency  of  the  antenna,  which  in¬ 
clude  the  impedance  mismatch  effects,  are  shown  in  Fig.  8.  As 
can  be  seen,  the  minimum  radiation  efficiency  is  approximately 
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Fig.  7.  Measured  normalized  radiation  patterns  of  the  antenna  in  the  azimuth  plane  (xy  -plane)  and  two  elevation  planes  (xz-  and  y z -planes). 
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Fig.  8.  Measured  and  simulated  peak  realized  gain  and  measured  total  effi¬ 
ciency  of  the  antenna. 

60%  at  the  lowest  frequency  of  operation.  Over  most  of  the  op¬ 
erating  band,  the  total  efficiency  remains  above  70%. 

IV.  Conclusion 

A  small,  low-profile,  ultrawideband  antenna  was  presented 
in  this  letter.  The  proposed  antenna  takes  advantage  of  broad¬ 
band  characteristics  of  a  bow-tie  section.  Using  a  reactive 
load  coupled  to  the  bow-tie  section  and  an  external  matching 
network  added  at  the  feed  point,  the  lowest  frequency  of 
operation  of  the  antenna  is  reduced  while  maintaining  its 
occupied  volume  and  a  VSWR  below  2.2.  At  the  lowest  fre¬ 
quency  of  operation,  the  antenna  archives  electrical  dimensions 
of  0.085Amin  x  0.189Amin  x  0.189Amin.  The  proposed  an¬ 
tenna  demonstrates  a  VSWR  lower  than  2.2:1  and  consistent 
monopole-like  radiation  patterns  over  a  frequency  range  of 
5.5:1.  As  shown  in  Table  I,  for  the  same  bandwidth,  the  pro¬ 
posed  antenna  has  one  of  the  lowest  maximum  dimensions 
among  the  current  state-of-the-art  antennas  reported  in  the 


literature.  Because  of  the  compact  overall  dimensions  and 
omnidirectional  vertically  polarized  radiation  characteristics, 
scaled  versions  of  this  antenna  are  expected  to  be  useful  for 
low-frequency  communication  systems  operating  within  the 
VHF  and  UHF  frequency  bands. 
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A  Compact,  Broadband  Spiral  Antenna  With 
Unidirectional  Circularly  Polarized  Radiation  Patterns 

Ting- Yen  Shih  and  Nader  Behdad 


Abstract — A  low-profile,  compact  spiral  antenna  with  a  broadband 
circularly  polarized  (CP)  response  is  presented.  The  antenna  is  backed 
by  a  ground  plane  and  has  unidirectional  radiation  patterns  over  its 
entire  frequency  band  of  operation.  This  antenna  is  a  multilayer  struc¬ 
ture  composed  of  a  center-fed  modified  Archimedean  spiral  that  exploits 
a  novel  loading  structure,  a  ring-shaped  absorber,  and  a  feed  network, 
which  includes  a  180°  power  splitter.  The  loading  structure  possesses 
both  inductive  and  capacitive  characteristics,  which  increase  the  equiv¬ 
alent  electrical  length  of  the  antenna  while  maintaining  its  maximum 
dimensions.  The  Archimedean  spiral  is  integrated  into  the  multilayer 
dielectric  structure  along  with  its  differential  feed  network.  An  opti¬ 
mized  ring-shaped  absorber  is  used  on  the  periphery  of  the  antenna  to 
reduce  the  ground  effects  on  the  antenna  performance.  The  proposed 
antenna  occupies  a  volume  that  is  89%  smaller  than  that  occupied  by 
a  conventional  ground-plane-backed  Archimedean  spiral  antenna.  At  its 
lowest  frequency  of  operation,  the  antenna  has  electrical  dimensions  of 
0.21Amin  X  0.21Amin  X  0.09Amin,  where  Amin  is  the  free-space 
wavelength  at  the  lowest  frequency  of  operation  (0.5  GHz).  Over  the  fre¬ 
quency  range  from  0.5  to  1.4  GHz  (2.8:1),  the  antenna  has  a  VSWR  of  2.4:1, 
and  it  has  a  CP  radiation  pattern  with  an  axial  ratio  better  than  1.2  dB. 
Within  this  frequency  range,  the  antenna  has  minimum  and  maximum 
realized  gain  values  of  —5.0  dBiC  and  3.1  dBiC,  respectively. 

Index  Terms — Broadband  antennas,  circular  polarization,  spiral 
antennas. 

I.  Introduction 

Compact  and  broadband  antennas  have  a  wide  spectrum  of  appli¬ 
cations  in  commercial  and  military  wireless  systems.  Numerous 
techniques  for  designing  such  antennas  have  been  reported  in  the 
past  [1]— [3].  In  many  applications,  broadband  antennas  with  circu¬ 
larly  polarized  (CP)  radiation  characteristics  are  needed.  Examples 
include  global  navigation  satellite  systems,  mobile  satellite  services, 
satellite  communications,  and  certain  radio-frequency  identification 
applications  [4]— [8].  A  number  of  different  techniques  for  design¬ 
ing  broadband  CP  antennas  have  been  examined  in  the  past  [9]— [12]. 
Among  such  antennas,  spiral  antennas  have  received  a  significant 
amount  of  attention  over  the  past  several  decades  due  to  their  ultra- 
wideband  (UWB)  characteristics  and  reasonably  compact  and  low- 
profile  dimensions  [3].  A  two-arm  Archimedean  spiral  antenna  that 
has  a  constant  input  impedance  and  CP  radiation  patterns  over  a 
wide  range  of  frequencies  was  proposed  by  Kaiser  in  1960  [3].  In 
this  traditional  antenna,  the  lower  and  upper  frequencies  of  operation 
are  determined  by  the  outer  and  inner  radii  of  the  spiral,  respec¬ 
tively.  The  frequency  response  of  this  spiral  antenna  also  depends 
on  the  growth  factor  of  the  spirals,  as  well  as  the  line  widths  and 
the  truncation  effects  in  the  finite  spirals.  From  a  practical  point  of 
view,  when  designing  a  spiral  antenna,  the  growth  factor  and  the 
line  width  can  easily  be  determined  by  referring  to  the  design  rules 
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of  the  printed  circuit  board  fabrication  method  used,  which  deter¬ 
mine  the  lower  bounds  of  the  line  and  slot  widths.  Following  these 
design  rules  and  the  guidelines  for  standard  lithography  techniques 
for  fabricating  printed  circuit  boards,1  the  maximum  linear  dimen¬ 
sion  of  a  bidirectional  Archimedean  spiral  antenna  (that  provides  CP 
radiation  with  an  axial  ratio  better  than  3  dB)  can  be  calculated  as 
approximately  0.38Amin,  where  Amin  is  the  free-space  wavelength  at 
the  lowest  frequency  of  operation  of  the  spiral  antenna  [3].  Such  a 
conventional  Archimedean  spiral  antenna,  however,  has  bidirectional 
radiation  patterns.  In  many  applications,  this  is  not  desirable  since 
the  antenna  needs  to  be  mounted  on  a  large  metallic  platform.  To 
achieve  unidirectional  radiation  patterns,  the  spiral  antenna  can  be 
placed  over  a  ground  plane  at  a  distance  of  Amin/4  [13].  Therefore,  a 
conventional  CP,  unidirectional  Archimedean  spiral  antenna  has  elec¬ 
trical  dimensions  of  0.38Amin  x  0.38Amin  x  0.25Amin  at  its  lowest 
frequency  of  operation.  While  such  an  antenna  has  a  unidirectional 
radiation  pattern,  it  also  has  a  relatively  high  overall  profile,  which 
may  not  be  desirable  in  many  low-frequency  (e.g.,  VHF  and  UHF) 
applications.  Other  techniques  for  achieving  unidirectional  radiation 
patterns  in  spiral  antennas  have  also  been  examined  [14]— [16].  Among 
all  unidirectional  antennas,  ground-backed  and  cavity-backed  anten¬ 
nas  can  be  most  easily  mounted  on  metallic  platforms.  One  of  the 
challenges  of  designing  ground-backed  or  cavity-backed  antennas  is 
to  prevent  strong  mutual  coupling  between  the  antenna  and  the  ground 
or  the  cavity.  The  coupling  leads  to  axial  ratio  deterioration.  A  num¬ 
ber  of  different  researchers  proposed  using  absorbers  to  decrease  these 
mutual  coupling  effects  [14],  [17].  Other  researchers  utilized  electro¬ 
magnetic  band-gap  (EBG)  structures  or  artificial  magnetic  conductors 
(AMC)  in  unidirectional  spiral  antennas  [16].  Several  ground-backed 
and  cavity-backed  antennas  are  compared  in  Table  I.  These  anten¬ 
nas  either  demonstrate  broadband  responses  or  have  compact  sizes. 
However,  having  both  of  these  criteria  in  a  single  antenna  is  highly 
desirable  in  many  applications.  To  address  this  growing  need,  spiral 
antenna  miniaturization  techniques  are  needed. 

A  number  of  different  spiral  antenna  miniaturization  techniques 
have  been  examined  in  the  past  [26]-[33].  These  techniques  can  be 
categorized  into  three  classes:  1)  inductive  loading  (series  inductance); 
2)  capacitive  loading  (shunt  capacitance);  and  3)  slow- wave  treat¬ 
ments  (series  inductance  and  shunt  capacitance).  Inductive  loading 
increases  the  inductance  per  unit  length  of  the  spiral  arms.  Some  of  the 
well-known  realization  methods  are:  using  a  series  of  lumped  induc¬ 
tors  along  spiral  arms  [30],  using  two-dimensional  (2-D)  meandering 
lines  [26]— [28],  [33],  and  using  three-dimensional  (3-D)  coils  [31]. 
Similarly,  capacitive  loading  increases  the  capacitance  per  unit  length 
of  the  spiral  arms.  This  can  be  realized  by  using  dielectric  material 
loading  [33]  and  tapered  dielectric  loading  [29].  The  slow- wave  treat¬ 
ment  is  a  combination  of  inductive  and  capacitive  loading.  It  increases 
both  the  series  inductance  and  the  shunt  capacitance  per  unit  length. 
In  [31],  the  slow- wave  treatment  was  realized  by  using  3-D  coils  in 
combination  with  dielectric  loading. 

In  this  communication,  we  present  a  miniaturization  technique 
that  takes  advantage  of  several  size  reduction  methods  simultane¬ 
ously,  and  can  be  applied  to  Archimedean  spiral  antennas.  Using 
this  technique,  the  volume  occupied  by  a  unidirectional  Archimedean 
spiral  antenna  can  be  reduced  to  0.21Amin  x  0.21Amin  x  0.09Amin. 
This  corresponds  to  a  volume  reduction  factor  of  89%  com¬ 
pared  to  a  conventional  ground-plane-backed  Archimedean  spiral 
antenna.  (Conservatively,  such  an  antenna  has  electrical  dimen¬ 
sions  of  0.38Amin  x  0.38Amin  x  0.25Amin  at  its  lowest  frequency  of 

'The  following  are  typical  design  rules  in  fabricating  printed  circuit  boards: 
The  minimum  line  width  is  0.005",  the  minimum  trace  to  trace  spacing  is 
0.005",  and  the  minimum  diameter  of  drilled  non-plated  holes  is  0.010". 


TABLE  I 

Comparison  of  the  Proposed  Antenna  With  a  Number  of 
Different  Cavity-Backed  and  Ground-Backed  Antennas 
Reported  in  the  Literature 


Ref. 

H 

L 

W 

BW 

Peak  Gain 

118] 

0.18 

0.86 

0.86 

15%* 

8.7  dBiC 

[19] 

0.07 

0.38 

0.38 

79%** 

3  dBiC 

[20] 

0.09 

0.22 

0.22 

13% 

2.9  dBiC 

[23] 

0.22 

3.14 

0.66 

22%* 

9  dBiC 

[22] 

0.07 

0.80 

0.80 

100% 

8.5  dBiC 

[23] 

0.27 

1.52 

1.52 

50% 

11.0  dBiC 

[24] 

0.30 

0.85 

0.85 

4%* 

7.1  dBiC*** 

[25] 

0.25 

1.03 

1.03 

55% 

9.9  dBiC 

This  Work 

0.09 

0.21 

0.21 

95% 

3.4  dBiC 

Bandwidth  is  determined  based  on  the  frequency  range,  where  the  axial 
ratio  is  less  than  3  dB  and  the  realized  gain  is  higher  than  -5  dBiC. 

*Only  the  3  dB  axial  ratio  was  reported  and  used  to  determine  the 
bandwidth. 

**Only  the  realized  gain  was  reported  and  is  used  to  determine  the 
bandwidth. 

***7.1  dBiC  (LHCP),  4.9  dBiC  (RHCP). 

*  *  *  *  The  unit  of  H,  L,  and  W  is  Amin . 

operation.)  The  proposed  miniaturization  technique  is  based  on  load¬ 
ing  the  spiral  arms  at  their  ends  with  a  slow- wave  structure  possessing 
both  capacitive  and  inductive  elements.  This  increases  the  effective 
electrical  lengths  of  the  arms,  thereby  reducing  the  lowest  frequency  of 
operation  of  the  antenna  while  maintaining  its  maximum  linear  dimen¬ 
sions.  A  ground  plane  is  placed  underneath  the  antenna  to  achieve 
unidirectional  radiation.  To  further  miniaturize  the  antenna  and  to 
decrease  the  spacing  between  the  ground  plane  and  the  main  radiator, 
the  antenna  and  the  ground  plane  are  separated  with  dielectric  substrate 
with  a  relatively  high  dielectric  constant  er.  Since  doing  this  results 
in  confinements  of  the  antenna  fields  in  the  region  below  the  plane 
of  spiral,  the  antenna  is  also  loaded  with  a  thick,  high-er  superstate 
to  enhance  its  radiation  efficiency.  To  mitigate  the  adverse  effects  of 
the  ground  plane’s  presence  on  the  axial  ratio  of  the  antenna,  a  ring- 
shaped  absorber  is  placed  on  the  periphery  of  the  antenna.  The  antenna 
is  fed  with  differential  semirigid  coaxial  cables.  A  prototype  of  the 
proposed  antenna  operating  in  the  frequency  range  of  0.5-1. 4  GHz  is 
designed,  fabricated,  and  measured.  The  fabricated  prototype  shows  a 
minimum  realized  gain  of  -5.0  dBiC,  a  maximum  realized  gain  of  3.1 
dBiC,  a  VSWR  better  than  2.4:1,  and  an  axial  ratio  of  1.2  dB  over  this 
broad  frequency  band.  In  what  follows,  the  details  of  the  design  and 
the  principles  of  operation  of  the  antenna  are  presented  and  discussed. 

II.  Antenna  Design 

A.  Antenna  Structure 

Fig.  1  shows  the  cross-sectional  and  the  top  views  of  the  proposed 
antenna.  Unlike  a  conventional  Archimedean  spiral  antenna,  the  two 
arms  of  the  proposed  antenna  are  located  on  two  different  sides  of  a 
dielectric  substrate  (“sub  2”  in  Fig.  1).  The  inner  and  outer  radii  of 
the  spiral  antenna  with  loading  structure  are  1  and  60.6  mm,  respec¬ 
tively.  The  spiral  arm  width  and  the  gap  between  two  adjacent  arms  are 
1  mm.  There  are  13  turns  of  spiral  arms  and  1.5  turns  of  loading  struc¬ 
ture  as  shown  in  Fig.  1.  Two  dielectric  substrates  with  the  thickness 
of  25.4  mm  and  dielectric  constants  of  er  =  10.2  sandwich  the  spiral 
antenna  (“sub  1”  and  “superstrate”  in  Fig.  1).  Sub  1  and  the  super¬ 
state  are  both  composed  of  ten  stacked  layers  of  RT/duroid-6010.2LM 
substrates  (from  Rogers  Corp.),  each  with  a  thickness  of  2.54  mm.  A 
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Multilayer  Structure 


Metal  Layer  3:  Metal  Layer  2: 

Spiral  arm  1  Spiral  ami  2 

with  loading  structure  with  loading  structure 

Fig.  1.  Topology  of  the  proposed  ground  plane  backed  UWB  spiral  antenna. 

ground  plane  is  placed  behind  the  antenna  (on  metal  layer  1),  on  the 
bottom  side  of  a  thin  dielectric  substrate,  to  make  the  radiation  pat¬ 
terns  unidirectional.  The  feed  network  is  composed  of  two  semirigid 
cables  as  shown  in  Fig.  1.  The  dielectric  substrate  immediately  on  top 
of  the  ground  plane  has  a  thickness  of  0.508  mm  and  a  dielectric  con¬ 
stant  of  2.2  (RT/duroid  5880  from  Rogers  Corp.).  The  feed  network 
is  composed  of  two  50  £2  semirigid  coaxial  cables  as  shown  in  Fig.  1. 
The  semirigid  cables  are  connected  to  SMA  connectors  and  are  used 
to  feed  the  antennas.  One  of  the  semirigid  cables  extends  all  the  way 
through  the  thickness  of  substrate  1  and  its  center  conductor  is  con¬ 
nected  to  the  feed  point  of  spiral  arm  2  (located  on  metal  layer  2  as 
shown  in  Fig.  1).  The  other  semirigid  cable  extends  all  the  way  through 
the  thicknesses  of  substrates  1  and  2,  and  its  center  conductor  is  con¬ 
nected  to  the  feed  point  of  the  spiral  arm  1  (located  on  metal  layer 
3  as  shown  in  Fig.  1).  The  distance  between  the  centers  of  the  two 
semirigid  cables  is  2.2  mm  and  the  diameter  of  each  semirigid  cable 
is  2.2  mm.  The  outer  conductors  of  the  semirigid  cables  are  connected 
within  the  region  ranging  from  the  ground  plane  (metal  layer  1),  the 


“sub-feed,”  and  all  the  way  to  1  mm  below  metal  layer  2.  The  outer 
conductors  of  the  semirigid  cables  are  also  connected  to  the  ground 
plane  (metal  layer  1).  The  holes  accommodating  the  two  semirigid 
cables  are  extended  all  the  way  through  the  thickness  of  superstrate 
as  well,  even  though  the  semirigid  cables  terminate  on  the  two  sides 
of  substrate  2.  This  is  done  for  two  reasons.  First,  it  provides  a  means 
for  aligning  different  stacked  dielectric  substrates  that  constitute  the 
superstrate.  Second,  the  holes  provide  additional  space  for  the  cen¬ 
ter  conductor  of  the  semirigid  cables  to  extend  beyond  the  plane  of 
the  spirals.  This  extended  length  of  the  center  conductors  provides  a 
reactive  impedance  in  parallel  with  the  feed  point  impedance  of  the 
spiral  and  can  be  used  for  impedance  tuning  purposes.  A  ring-shaped 
absorber  is  placed  on  the  periphery  of  the  antenna  between  metal  layer 
2  and  the  “sub-feed.”  The  inner  and  outer  diameters  of  the  ring-shaped 
absorber  are  80  and  127  mm,  respectively.  The  height  of  the  absorber 
is  25.4  mm,  which  is  the  same  as  substrate  1.  The  circular  absorber  is 
made  of  ECCOSORB  LS-26  (from  Emerson  and  Cuming  Microwave 
Products,  Inc.)  as  shown  in  Fig.  1.  The  overall  height  of  the  multilayer 
structure  is  52  mm  and  its  diameter  is  127  mm. 


B.  Innovation 

The  design  process  of  the  antenna  started  with  an  Archimedean  spi¬ 
ral  structure,  where  unlike  conventional  spirals,  each  arm  of  the  spiral 
is  placed  on  one  side  of  a  relatively  thin  dielectric  substrate.  To  help 
decrease  the  physical  separation  between  the  ground  plane  and  the 
spiral,  a  dielectric  substrate  with  a  dielectric  constant  of  er  —  10.2 
was  used  below  the  antenna.  This  also  helps  with  reducing  the  elec¬ 
trical  dimensions  of  the  antenna.  To  improve  the  radiation  efficiency 
of  the  antenna  and  ensure  that  the  fields  are  not  confined  between  the 
antenna  and  the  ground  plane,  a  thick  superstrate  with  the  dielectric 
constant  of  er  =  10.2  is  used  to  load  the  antenna  as  well.  To  further 
miniaturize  the  antenna,  a  new  type  of  a  slow- wave  loading  structure 
was  designed  that  possesses  both  inductive  and  capacitive  character¬ 
istics,  (see  Fig.  1)  and  takes  advantage  of  the  fact  that  each  arm  of 
the  spiral  is  printed  on  a  different  side  of  the  dielectric  substrate.  This 
loading  structure  is  in  the  form  of  two  meandered  lines  with  vari¬ 
able  (modulated)  widths  that  overlap  each  other  on  the  periphery  of 
the  spiral.  Each  meandered  line  is  connected  to  the  end  of  an  arm  of 
the  spiral.  The  narrow  and  wide  sections  of  the  meandered  lines  act, 
respectively,  as  distributed  inductive  and  capacitive  loads  of  a  slow- 
wave  structure.  Unlike  a  conventional  Archimedean  spiral  antenna,  the 
two  arms  of  this  spiral  are  fabricated  on  the  two  different  sides  of  the 
dielectric  substrate.  This  helps  further  increase  the  capacitive  loading 
effects  of  the  meandered  section  as  it  allows  for  the  meandered  sec¬ 
tions  of  each  arm  of  the  spiral  to  overlap  with  those  of  the  other  arm  in 
the  capacitive  regions  (see  Fig.  1).  This  overlapping  further  increases 
the  capacitance  per  unit  length  of  the  capacitive  sections  of  the  mean¬ 
dered  spiral  arm,  resulting  in  further  increasing  of  the  electrical  length 
of  the  structure  for  a  given  physical  size.  This  slow-wave  structure 
increases  the  electrical  length  of  the  spiral  for  a  given  physical  length. 
To  compare  the  performance  of  this  slow-wave  structure  with  other 
common  structures,  we  conducted  full- wave  EM  simulations  of  a  con¬ 
ventional  two- wire  transmission  line,  zig-zag  lines  of  the  type  reported 
in  [26],  and  our  proposed  structure.  Considering  the  two- wire  line  as 
the  baseline,  the  zig-zag  line  provides  a  13%  reduction  in  the  phase 
velocity,  whereas  our  proposed  structure  provides  a  54%  reduction. 
The  broadside-coupled  meandered  loading  structure  can  be  specified 
mathematically  using 


L  =  a  x  square(/3  x  9) 


(1) 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  63,  NO.  6,  JUNE  2015 


2779 


Antenna  Ideal  1 80°  power  splitter 


Fig.  2.  The  proposed  UWB  spiral  antenna  is  fed  with  an  ideal  180°  power 
splitter,  which  provides  differential  feeding  at  the  two  ports. 


Fig.  3.  Simulated  surface  current  distributions  of  the  antenna  at:  (a)  0.6  GHz; 
(b)  1.0  GHz;  and  (c)  1.4  GHz. 


where  square  is  a  function  for  square  wave  generation  in  MATLAB,  a 
is  0.6,  P  is  128,  and  6  is  measured  from  the  z-axis.  The  size  of  arms  1 
and  2  of  the  spiral  antenna  is  determined  by  (2)  and  (3),  respectively, 

rt-ro  +  bx  <9(1/n)  +  L  (2) 

r2  =  r0  +  b  x  0(1/n)  -  L  (3) 

where  ro  is  39.37  mils  (1  mm),  b  is  78.74/7 r  mils  (2 /tv  mm),  n  is  1, 
and  0  is  measured  from  the  z-axis. 

To  achieve  a  unidirectional  radiation  pattern,  the  antenna  is  backed 
by  a  ground  plane.  In  a  ground-plane  backed  spiral  antenna,  the  strong 
coupling  between  the  antenna  and  the  ground  plane  is  a  common 
problem,  which  can  severely  degrade  the  radiation  characteristics  of 
antenna,  especially  its  axial  ratio.  In  the  past  two  decades,  a  variety  of 
research  groups  studying  cavity-backed  antennas  have  tried  to  reduce 
the  ground  effects  [17]— [25].  One  common  method  used  for  alleviating 
the  ground  effects  is  to  use  absorbers  [17].  Using  absorbers  decreases 
the  mutual  coupling  between  the  ground  plane  and  the  antenna.  In 
general,  this  improves  the  axial  ratio  of  the  antenna  but  it  will  natu¬ 
rally  result  in  some  gain  reduction.  To  balance  the  tradeoff  between 
these  two  radiation  characteristics,  the  absorber  was  designed  as  ring- 
shaped,  and  is  placed  only  on  the  periphery  of  the  spiral  arms.  The 
inner  diameter  of  the  ring-shaped  absorber  is  80  mm  and  its  width  is 
23.5  mm.  These  dimensions  are  determined  using  trial  and  error  simu¬ 
lations  in  CST  Microwave  Studio.  In  these  simulations,  an  attempt  was 
made  to  balance  the  tradeoff  between  the  axial  ratio  improvement  and 
the  realized  gain  degradation  of  the  antenna.  To  achieve  the  desired 
mode  of  operation,  the  two  arms  of  the  antenna  must  be  fed  with  the 
same  magnitude  and  a  180°  phase  difference  between  them.  This  is 
accomplished  using  the  feed  network  shown  in  Fig.  2.  In  this  case, 
the  two  ports  of  the  antenna  are  excited  using  a  power  divider/phase 
shift  network.  At  VHF/UHF  frequencies,  commercially  available  180° 
power  splitters  can  be  used  to  easily  feed  the  antenna  in  the  desired 
mode  of  operation. 

III.  Simulation  and  Measurement  Results 

The  spiral  antenna  discussed  in  Section  II  was  simulated  in  CST 
Microwave  Studio.  The  main  physical  and  geometrical  parameters  of 
the  antenna  are  presented  in  Section  II.  The  antenna  is  simulated  as  a 
two-port  device,  where  each  port  is  placed  at  the  input  port  of  one  of 
the  semirigid  cables  shown  in  Fig.  2.  After  each  simulation,  the  results 
of  the  two-port  full- wave  EM  simulations  are  combined  to  obtain  the 
simulation  results  of  the  antenna  when  it  is  fed  with  a  broad  band  180° 
power  splitter. 

Using  full- wave  EM  simulations  in  CST  Microwave  Studio,  the 
electric  current  distribution  on  the  spiral  arms  was  first  examined. 
These  results  confirmed  that  the  electric  currents  flowing  in  the  over¬ 
lapping  sections  of  the  meandered  arms  are  out  of  phase  and  flow  in 
opposite  directions.  Therefore,  the  overlapped  sections  of  the  mean¬ 
dered  spiral  arms  act  similar  to  a  two-wire  transmission  line  with 
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Fig.  4.  Simulated  and  measured  VSWR  of  the  antenna  (a)  at  port  1  when  port 
2  is  terminated  with  50  U  load  and  (b)  at  port  2  when  port  1  is  terminated  with 
50  Q  load. 


enhanced  capacitance  per  unit  length.  Additionally,  the  narrow  sec¬ 
tions  of  the  meanders  have  increased  inductance  per  unit  lengths. 
Therefore,  the  meandered  sections  of  the  spiral  arms  act  as  slow- 
wave  structures  with  increased  capacitance  and  inductance  per  unit 
length.  The  current  distribution  on  the  antenna  arms  is  simulated  and 
the  results  are  shown  for  0.6,  1,  and  1.4  GHz  in  Fig.  3.  As  can  be 
observed,  at  each  frequency,  the  current  magnitude  on  the  spiral  arms 
decays  as  one  moves  from  the  center  toward  the  edges  of  the  spiral. 
This  is  an  indication  that  standing  waves  on  spiral  arms  are  not  signif¬ 
icant  and  consequently,  a  low  axial  ratio  is  expected.  After  completion 
of  the  design  process  and  fine  tuning  of  the  physical  and  geometrical 
parameters  of  the  antenna,  a  prototype  of  the  proposed  antenna  was 
fabricated.  The  spiral  antenna  was  fabricated  using  chemical  etching. 
We  prepared  20  panels  of  0.1 "  thick  RT/duroid  6010.2LM  substrates. 
Ten  of  which  were  cut  into  the  diameter  of  127  mm  (superstate),  and 
the  rest  into  the  diameter  of  80  mm  (sub2).  We  also  prepared  four  pan¬ 
els  of  6.35-mm  thick  ECCOSORB  LS-26  absorbers.  The  absorbers 
were  cut  into  ring  shape  with  outer  and  inner  diameters  of  127  mm 
and  80  mm,  respectively.  Four  additional  pads  were  left  on  each  layer 
for  tightening  with  nylon  screws  and  nuts. 

The  input  reflection  coefficient  of  the  fabricated  prototype  was  char¬ 
acterized  using  a  vector  network  analyzer.  Fig.  4(a)  and  4(b)  shows  the 
simulated  and  measured  input  VSWRs  of  the  antenna  as  seen  from  the 
inputs  of  ports  1  and  2,  respectively.  As  can  be  observed,  a  relatively 
good  agreement  between  the  measurement  and  simulation  results  is 
achieved.  The  measured  two-port  S-parameters  of  the  antenna  were 
also  postprocessed  to  calculate  the  input  VSWR  of  the  antenna  as  seen 
from  the  input  of  the  broadband  180°  power  splitter  shown  in  Fig.  2 
and  the  results  are  presented  in  Fig.  5.  As  can  be  observed,  the  antenna 
shows  a  VSWR  of  2.4:1  over  its  entire  frequency  band  of  operation. 
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Fig.  5.  Simulated  and  measured  VSWR  of  the  antenna  as  seen  from  the  input 
port  of  the  feed  network  shown  in  Fig.  2. 


Fig.  7.  Simulated  and  measured  axial  ratios  of  the  antenna  when  the  antenna  is 
fed  with  the  feed  network  shown  in  Fig.  2. 
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Fig.  6.  Simulated  and  measured  radiation  patterns  of  the  antenna  in  the  x  —  z 
and  y  —  z  planes. 


The  radiation  characteristics  of  the  antenna  were  measured  in  a 
multiprobe,  spherical  near  field  system  over  the  frequency  range  of 
0.6-1. 4  GHz.  The  measurements  are  conducted  in  two  steps.  First, 
the  radiation  characteristics  of  the  antenna  were  measured  when 
it  was  fed  at  port  1  while  the  second  port  was  terminated  with 
a  matched  load.  Using  the  near-field  system,  the  complex  (magni¬ 
tude  and  phase)  far-field  radiation  parameters  of  the  antenna  were 
determined.  Subsequently,  a  similar  procedure  was  followed  and  the 
complex  far-field  radiated  fields  of  the  antenna  were  measured  when 
the  antenna  was  fed  at  port  2  while  port  1  was  terminated.  These  mea¬ 
sured  results  were  then  postprocessed  to  obtain  the  radiation  patterns 
of  the  antenna  and  its  other  radiation  characteristics  when  the  antenna 
is  differentially  fed  using  the  feed  network  shown  in  Fig.  2.  Since 
the  spherical  near-field  measurement  system  used  in  these  experiments 
provides  us  with  all  the  complex  far-field  components,  the  process  of 
combining  the  measurement  results  of  the  two  ports  is  straightforward. 
The  measured  electric  fields  from  each  port  were  summed  up  with 
180°  phase  difference  in  MATLAB.  The  axial  ratio  (the  ratio  of  the 
major  axis  to  the  minor  axis)  was  calculated  by  the  combined  elec¬ 
tric  fields  in  MATLAB.  Fig.  6  shows  the  measured  radiation  patterns 
of  the  antenna  over  the  frequency  range  of  0.6-1. 4  GHz  along  with 
the  simulated  results.  Measured  and  simulated  results  are  shown  for 
both  the  co-pol  (RHCP)  and  cross-pol  (LHCP)  components  of  the  radi¬ 
ated  fields  in  two  different  cut  planes  (x  —  z  and  y  —  z  planes).  The 
cross-pol  components  are  approximately  24  dB  below  the  co-pol  com¬ 
ponents  in  the  direction  of  maximum  radiation  indicating  a  relatively 
good  polarization  purity.  Moreover,  the  antenna’s  radiation  patterns 
remain  consistent  across  its  entire  frequency  band  of  operation.  In 


Fig.  8.  Simulated  and  measured  realized  gains  of  the  antenna  when  it  is  fed 
with  the  feed  network  shown  in  Fig.  2. 

a  real-life  scenario,  the  proposed  antenna  should  be  fed  with  a  sin¬ 
gle  feed  network  that  provides  the  necessary  excitation  amplitude  and 
phase  over  a  wide  frequency  range.  In  reality,  such  feed  networks  may 
have  amplitude  and/or  phase  imbalances  at  some  frequencies  over  the 
band  of  operation.  This  will  result  in  the  deterioration  of  the  axial  ratio 
of  the  antenna  and  its  polarization  purity  compared  to  what  is  reported 
in  this  communication. 

Fig.  7  shows  the  measured  and  simulated  axial  ratios  of  the  antenna 
along  the  direction  of  maximum  radiation.  As  can  be  observed,  the 
antenna  demonstrates  an  axial  ratio  of  lower  than  1.2  dB  across  its 
entire  band  of  operation.  The  simulated  and  measured  realized  gains 
of  the  antenna  are  shown  in  Fig.  8.  The  simulated  and  measured 
maximum  realized  gains  of  the  antenna  are  3.3  and  3.1  dBiC,  respec¬ 
tively.  Assuming  that  the  minimum  acceptable  realized  gain  is  -5.0 
dBiC,  the  maximum  acceptable  axial  ratio  is  3.0  dB,  and  the  max¬ 
imum  acceptable  VSWR  is  2.5:1,  the  bandwidth  of  the  antenna  is 
determined  to  be  from  0.5  to  1.4  GHz  (a  2.8:1  bandwidth).  At  the 
lowest  frequency  of  operation  of  0.5  GHz,  the  antenna  has  maximum 
electrical  dimensions  of  0.21Amin  x  0.21Amin  x  0.09Amin.  A  con¬ 
ventional  spiral  antenna  with  a  performance  similar  to  the  proposed 
antenna  is  also  designed  as  a  reference.  It  has  electrical  dimen¬ 
sions  of  0.38 Amin  x  0.38 Amin  (diameter  =  228  mm).  To  make  this 
antenna  unidirectional,  a  ground  plane  is  placed  a  quarter  wavelength 
below  the  antenna  [13].  The  simulation  results  of  this  antenna  are 
shown  in  Figs.  5,  7,  and  8.  The  electrical  volume  occupied  by  this 
antenna  is  thus,  0.38Amin  x  0.38Amin  x  0.25Amin.  Notice  that  plac¬ 
ing  a  ground  plane  below  an  Archimedean  spiral  antenna  deteriorates 
its  performance  (i.e.  axial  ratio  and  gain)  and  generally  shifts  the 
lowest  operation  frequency  of  the  antenna  up.  However,  to  be  con¬ 
servative  in  our  comparison,  we  have  considered  the  electrical  volume 
of  0.38Amin  x  0.38Amin  x  0.25Amin  as  the  reference  for  calculating 
the  volume  reduction  factor  of  our  proposed  antenna  89%. 


IV.  Conclusion 

In  this  communication,  a  low-profile  ground-backed  spiral  antenna 
with  a  wideband  CP  response  was  presented.  The  proposed  spiral 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  63,  NO.  6,  JUNE  2015 


2781 


antenna  achieves  compact  and  miniaturized  dimensions  by  employ¬ 
ing  a  novel  loading  structure,  where  each  arm  of  the  antenna  is 
both  inductively  and  capacitively  loaded.  Additional  miniaturization 
is  achieved  by  using  high  dielectric  constant  superstrate  and  sub¬ 
strate  materials.  Using  these  techniques,  the  antenna  diameter  is 
effectively  reduced  to  0.21Amin.  In  order  to  reduce  the  effects  of 
the  ground  plane  placed  in  close  proximity  of  the  antenna,  an  opti¬ 
mized  ring-shaped  absorber  is  placed  between  the  antenna  and  the 
ground  plane.  The  bandwidth  of  this  antenna  is  from  0.5  to  1.4  GHz, 
over  which  the  antenna  shows  an  axial  ratio  of  1.2  dB,  a  YSWR 
of  2.4:1,  and  minimum  and  peak  realized  gain  values  of  -5  and  3.1 
dBiC,  respectively.  One  of  the  advantages  of  the  proposed  multilayer 
structure  presented  in  this  communication  is  the  potential  integra¬ 
tion  of  miniaturized-element  frequency  selective  surfaces  of  the  types 
reported  in  [34]— [35],  within  the  superstrate  layers  of  the  antenna.  This 
possibility  is  currently  being  explored  for  developing  modified  ver¬ 
sions  of  the  proposed  antenna  that  demonstrate  significantly  reduced 
out  of  band  radar  cross  sections  and  can  be  used  for  low-observable 
applications. 
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Abstract — We  introduce  a  new  technique  for  designing  minia- 
turized-element  frequency  selective  surfaces  (MEFSSs)  with 
bandpass  responses  and  no  spurious  transmission  windows  over 
extremely  large  bandwidths.  The  proposed  harmonic-suppressed 
MEFSSs  consist  of  multiple  metallic  and  dielectric  layers.  Each 
metallic  layer  is  in  the  form  of  a  two-dimensional  arrangement 
of  capacitive  patches  or  an  inductive  wire  grid  with  extremely 
sub-wavelength  periods.  Harmonic-free  operation  in  these  struc¬ 
tures  is  achieved  by  using  multiple,  closely  spaced  capacitive 
layers  with  overlapping  unit  cells  to  synthesize  a  single,  effective 
capacitive  layer  with  a  larger  capacitance  value.  This  allows  for 
reducing  the  unit  cell  size  of  a  conventional  MEFSS  considerably 
and  moving  the  natural  resonant  frequencies  of  its  constituting 
elements  to  considerably  higher  frequencies.  Consequently,  the 
spurious  transmission  windows  of  such  MEFSSs,  which  are 
caused  by  these  higher  order  harmonics,  can  be  shifted  to  very 
high  frequencies  and  an  extremely  broad  frequency  band  free  of 
any  spurious  transmission  windows  can  be  obtained.  Using  this 
technique,  an  MEFSS  with  a  second-order  bandpass  response  is 
designed  to  operate  at  3.0  GHz  with  20%  fractional  bandwidth 
and  be  free  of  spurious  transmission  bands  up  to  27.0  GHz.  A 
prototype  of  this  harmonic-free  MEFSS  is  fabricated  and  exper¬ 
imentally  characterized  in  the  lab.  Measurement  results  confirm 
harmonic-free  operation  of  the  proposed  FSS  for  incidence  angles 
in  the  d=60°  range  for  both  the  TE  and  TM  polarizations  of 
incidence. 

Index  Terms — Frequency  selective  surfaces,  periodic  structures, 
radomes. 


I.  Introduction 

FREQUENCY  selective  surfaces  (FSSs)  have  been  the  sub¬ 
ject  of  numerous  studies  so  far.  At  microwave  and  mil¬ 
limeter-wave  frequencies,  FSSs  are  used  in  a  wide  range  of  ap- 
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plications  including  spatial  filters  [1],  [2],  radar  absorbing  ma¬ 
terials  [3],  [4],  artificial  magnetic  conductors  [5],  [6],  planar 
lenses  [7],  [8]  and  reflectarrays  [9].  One  common  application 
of  FSSs  is  to  use  them  to  reduce  the  radar  cross  section  (RCS) 
of  antennas  used  in  low-observable  or  stealth  platforms.  Most 
antennas  act  as  efficient  scatterers  both  at  the  frequency  band(s) 
that  they  are  designed  to  operate  in  and  at  other  frequency  bands 
that  fall  outside  of  their  desired  frequency  range  of  operation. 
A  typical  low-observable  platform  may  have  several  low-fre¬ 
quency  antennas  operating  at  VHF  and  UHF  bands.  These  an¬ 
tennas  act  as  very  efficient  scatterers  at  higher  frequencies  where 
many  radars  operate  at.  In  such  applications,  the  RCS  of  the 
antenna  can  be  reduced  by  shielding  it  from  the  outside  envi¬ 
ronment  using  a  shaped  bandpass  FSS  that  is  transparent  within 
the  desired  frequency  of  operation  of  the  antenna  and  opaque 
at  other  frequencies.  While  the  aforementioned  RCS  reduction 
approach  works  in  principle,  it  suffers  from  a  practical  design 
problem.  Namely,  most  FSSs  reported  in  the  literature  have  mul¬ 
tiple  spurious  transmission  windows  occurring  at  frequencies 
higher  than  that  of  the  main  one  (e.g.,  see  [1,  pp.  26-62]).  Al¬ 
though  the  high  frequency  harmonics  typically  will  not  impact 
the  in-band  performance  of  these  FSSs,  they  could  become  crit¬ 
ically  important  in  certain  stealth  applications  in  which  they  co¬ 
incide  with  a  frequency  at  which  the  antenna  presents  a  high 
RCS  value.  For  an  FSS  designed  to  work  at  a  low  frequency 
(e.g.,  UHF),  a  number  of  these  spurious  transmission  windows 
can  fall  within  the  1-20  GHz  range  where  many  radars  op¬ 
erate.  Thus,  in  such  applications,  suppression  of  the  spurious 
harmonics  of  the  FSS  is  highly  desired. 

A  number  of  previous  studies  has  been  conducted  in  this  area 
[10]— [12].  In  [10],  an  absorptive/transmissive  radome  is  pre¬ 
sented.  The  presented  multilayer  structure  is  formed  by  placing 
an  artificial  absorbing  coating  on  a  frequency  selective  surface. 
This  structure,  however,  achieves  absorption  properties  by  using 
a  uniform  resistive  layer  of  conductive  fiber,  which  deteriorates 
the  in-band  performance  of  the  radome  as  well.  In  [1 1],  a  band¬ 
pass  FSS  with  quasi-elliptic  response  and  wide-stopband  char¬ 
acteristics  is  reported.  The  structure  is  formed  by  cascading  pe¬ 
riodic  arrays  of  double  square  loops  and  gridded  square  loops. 
However,  this  approach  requires  using  several  metallic  layers 
separated  from  one  another  by  rather  thick  dielectric  substrates 
to  design  a  low-frequency  (e.g.,  UHF)  FSS.  This  leads  to  a  rel¬ 
atively  large  overall  thickness  for  the  FSS  (compared  to  the 
wavelength)  that  makes  the  response  of  the  structure  sensitive 
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to  the  angle  and  polarization  of  incidence  of  the  EM  wave.  In 
[12],  a  bandpass  FSS  with  wideband  absorbing  properties  is 
presented.  The  reported  structure  behaves  as  a  bandpass  filter 
in  the  main  band  of  operation,  while  behaving  as  an  absorber 
above  the  main  band.  This  is  realized  by  cascading  a  bandpass 
FSS  and  a  resistive  high- impedance  surface  which  uses  the  FSS 
as  the  ground  plane  within  its  total  reflection  band.  Although 
a  relatively  good  performance  was  observed  under  normal  in¬ 
cidence  of  the  EM  wave,  the  performance  of  this  structure  de¬ 
grades  when  the  structure  is  illuminated  with  an  obliquely  in¬ 
cident  wave.  The  problem  can  be  attributed  to  the  absorption 
properties  of  the  resistive  surface  which  degrade  as  a  function 
of  the  incident  angle.  As  a  result,  some  harmonics  appear  within 
the  absorption  band.  This  is  not  desirable  in  low-observable  FSS 
and  radome  applications. 

Over  the  past  few  years,  several  new  classes  of  frequency  se¬ 
lective  surfaces  with  sub-wavelength  unit  cells  dimensions  are 
reported  [14]— [25].  These  structures  are  referred  to  as  minia¬ 
turized  element  frequency  selective  surfaces  (MEFSSs).1  De¬ 
pending  on  the  specific  design  process,  MEFSSs  are  composed 
of  entirely  nonresonant  constituting  elements  (e.g.,  [14]— [19], 
[22])  or  a  combination  of  resonant  and  nonresonant  elements 
(e.g.,  [20],  [21],  [23]-[25]).  MEFSSs  are  shown  to  have  very 
stable  responses  for  a  wide  range  of  incidence  angles  and  po¬ 
larizations  of  incidence  [14]-[22].  They  also  have  been  used  to 
design  tunable  FSSs  [18],  [26]  as  well  as  FSSs  for  high-power 
microwave  (HPM)  applications  [26],  [27]. 

In  this  paper,  we  present  a  new  type  of  MEFSS  that  shows  a 
bandpass  response,  which  is  free  of  spurious  transmission  win¬ 
dows  over  an  extremely  wide  frequency  band.  The  proposed 
harmonic-free  MEFSS  is  composed  of  multiple  metallic  layers 
separated  from  one  another  by  thin  dielectric  substrates.  Each 
metallic  layer  is  a  two-dimensional  periodic  structure  composed 
of  capacitive  patches  or  inductive  wire  grids  with  extreme  sub¬ 
wavelength  dimensions.  A  prototype  of  the  proposed  harmonic- 
free  MEFSS  with  a  second-order  bandpass  response,  center  fre¬ 
quency  of  operation  of  3.0  GHz,  and  fractional  bandwidth  of 
20%  is  designed  and  is  shown  to  be  harmonic  free  up  to  ap¬ 
proximately  27  GHz.2  A  prototype  of  the  proposed  structure  is 
also  fabricated  and  experimentally  characterized  in  the  lab.  It 
is  demonstrated  that  the  proposed  structure  maintains  its  har¬ 
monic-free,  second-order  bandpass  response  for  both  the  TE  and 
TM  polarizations  with  incidence  angles  in  the  ±60°  range  up  to 
27  GHz. 


II.  Principles  of  Operation 

A.  Sources  of  Harmonics  in  MEFSSS 

Fig.  1(a)  shows  the  three-dimensional  topology  of  different 
layers  of  a  miniaturized  element  frequency  selective  surface 
with  an  ((A  +  l)/2)t/l -order  bandpass  response  ( N  is  the 

1  While  FSSs  that  have  miniaturized  unit  cell  dimensions  have  been  studied 
for  a  long  time  (e.g.,  [13]),  we  use  the  term  MEFSS  to  refer  to  FSSs  with  unit 
cells  that  are  composed  of  primarily  nonresonant  elements  (e.g.,  sub-wavelength 
capacitive  patches  or  wire  grids. 

2The  frequency  of  main  transmission  window  is  chosen  primarily  for  ease 
of  measurement.  The  concepts  proposed  in  this  paper  can  easily  be  applied  to 
MEFSSs  operating  at  the  VHF  and  lower  UHF  frequencies  as  well. 


Fig.  1 .  (a)  Topology  of  the  bandpass  MEFSS  presented  in  [22].  The  top  view  of 
the  unit  cells  of  the  capacitive  and  inductive  layers  are  shown  on  the  right  hand 
side  of  the  figure,  (b)  Equivalent  circuit  model  of  the  MEFSS.  The  structure 
has  N  metal  layers  and  acts  as  an  FSS  with  an  ((N  +  l)/2)^ -order  bandpass 
response. 


number  of  metallic  layers  used  in  this  structure  and  is  always  an 
odd  number  [22]).  The  structure  consists  of  two-dimensional 
periodic  arrangements  of  sub-wavelength  capacitive  patches 
and  planar  wire  grids,  separated  from  one  another  by  thin  di¬ 
electric  substrates.  Assuming  that  the  thickness  of  the  substrate 
between  two  consecutive  metal  layers  is  h,  the  overall  thickness 
of  the  FSS  is  (A  —  1)  x  h.  The  top  views  of  one  unit  cell  of  a 
capacitive  layer  and  that  of  an  inductive  layer  are  shown  in  the 
inset  of  Fig.  1(a).  The  dimension  of  each  unit  cell  along  the  x 
and  y  directions  is  D.  The  capacitive  patches  are  in  the  form  of 
square  metallic  patches  with  dimensions  of  D  —  Si,  where  S{  is 
the  gap  between  the  two  adjacent  patches  in  the  ith  layer.  The 
inductive  wire  grids  are  the  combination  of  two  metallic  strips 
with  the  width  of  w  oriented  perpendicularly  to  each  other. 
Assuming  the  same  periodicity  in  both  x  and  y  directions, 
the  frequency  responses  of  the  capacitive  and  inductive  layers 
(and  that  of  the  FSS)  are  insensitive  to  the  polarization  of  the 
incident  wave  for  normal  incidence. 

This  FSS  can  be  modeled  with  the  equivalent  circuit  model 
shown  in  Fig.  1(b),  which  is  valid  for  a  normally  incident 
plane  wave.  In  this  circuit  model,  the  capacitive  patch  layers 
are  modeled  with  parallel  capacitors  Ci,  C3, . . . ,  C^.  The 
inductive  wire  grids  are  represented  by  parallel  inductors 
L2, . . . ,  Ln-i,  and  the  thin  dielectric  substrates  separating  the 
inductive  and  capacitive  layers  are  modeled  with  transmission 
lines  with  the  characteristic  impedances  of  Zi, . . . ,  Z^-i  and 
lengths  of  /ii, . . . ,  fe/v-i-  Free  space  on  each  side  of  the  FSS  is 
modeled  with  semi-infinite  transmission  lines  with  character¬ 
istic  impedances  of  =  377  9.  The  design  procedure  of  this 
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device  is  based  on  synthesizing  the  desired  filter  response  from 
the  equivalent  circuit  model  presented  in  Fig.  1(b),  and  map¬ 
ping  these  equivalent  circuit  parameter  values  to  the  physical 
parameters  of  the  FSS.  This  can  be  done  using  the  procedure 
described  in  [22]  and  will  not  be  repeated  here  for  brevity. 

Using  the  design  procedure  reported  in  [22],  an  MEFSS  with 
a  second-order  bandpass  response  having  a  center  frequency  of 
operation  of  3.0  GHz  and  a  fractional  bandwidth  of  20%  is  de¬ 
signed.  This  structure  is  composed  of  two  capacitive  layers,  one 
inductive  layer,  and  two  dielectric  substrates.  The  physical  pa¬ 
rameters  of  this  structure  as  well  as  the  parameters  of  its  equiv¬ 
alent  circuit  model  are  presented  in  Table  I.  This  MEFSS  is 
simulated  using  full-wave  electromagnetic  (EM)  simulations  in 
CST  Microwave  Studio  and  its  frequency  response  is  calculated 
over  an  extremely  broad  frequency  band.  Fig.  2  shows  the  cal¬ 
culated  transmission  coefficient  of  this  structure  for  a  normally 
incident  plane  wave  in  the  frequency  range  of  0-30  GHz.  As 
can  be  seen,  in  addition  to  the  main  transmission  band  centered 
at  3.0  GHz,  there  are  multiple  spurious  transmission  windows 
occurring  at  higher  frequencies  than  that  of  the  main  one.  The 
primary  contributors  to  these  harmonics  are  the  resonances  of 
the  patches  in  the  capacitive  layers  and  the  slots  in  the  induc¬ 
tive  layer  that  occur  at  higher  frequencies.  For  example,  the  fre¬ 
quency  of  the  first  resonance  of  the  capacitive  patches  in  the 
capacitive  layer  and  the  slots  in  the  inductive  layer  can  be  ap- 


proximated  as  follows: 

fr,cap 

C 

(1) 

2(D  —  s)yjtr,ef  f,i 

fr,ind  — 

C 

(2) 

2(D  —  w)yfer,ef 

where  D,  si,  and  Wi  are  the  physical  parameters  of  the  FSS 
unit  cell  shown  in  Fig.  1,  c  is  the  speed  of  light,  and  er,eff,i 
is  the  effective  dielectric  constant  for  the  ith  metallic  layer  of 
the  FSS.  In  the  second-order  MEFSS  example  under  discussion 
in  this  section,  =  er,eff,3  ~  (er  +  l)/2  for  the  capaci¬ 

tive  layers  and  er,eff} 2  ~  er  for  the  inductive  layer.  Notice  that 
in  (l)-(2)  the  effect  of  the  interaction  between  different  layers 
on  the  higher  order  resonances  of  the  constituting  elements  in 
each  unit  cell  is  ignored.  Therefore,  these  formulas  represent 
approximations  of  the  actual  resonant  frequencies  of  the  capac¬ 
itive  patches  and  apertures  in  the  inductive  layers.  Using  (l)-(2) 
along  with  the  physical  parameters  of  the  MEFSS  provided  in 
Table  I,  the  first  resonant  frequencies  of  the  capacitive  patches 
and  the  slots  in  the  inductive  layers  are  calculated  to  be  5.0  GHz 
and  7.8  GHz,  respectively.  At  their  first  resonance,  the  patches 
in  the  capacitive  layers  act  as  band-stop  elements,  whereas  the 
apertures  in  the  inductive  layer  act  as  bandpass  elements  (see  [1, 
pp.  26-62]).  Therefore,  the  first  spurious  transmission  window 
of  this  second-order  MEFSS  is  expected  to  occur  at  a  frequency 
close  to  the  resonant  frequency  of  the  apertures  in  the  induc¬ 
tive  layer.  Fig.  2  shows  that  this  is  indeed  the  case.  At  higher 
frequencies,  the  higher  order  resonant  modes  of  the  elements, 
the  complex  interactions  between  different  layers,  as  well  as  the 
grid  resonances  (grating  lobes)  occurring  at  D  =  nX  (e.g.,  see 
[1,  pp.  26-62])  result  in  additional  transmission  windows  and 
transmission  nulls  in  the  transmission  coefficient  of  this  device 
as  can  be  observed  in  Fig.  2. 


Frequency  [GHz] 


Fig.  2.  Calculated  transmission  coefficient  of  the  second-order  bandpass  FSS 
discussed  in  Section  II-A  with  the  parameters  shown  in  Table  I.  Results  are 
obtained  using  full-wave  EM  simulation  in  CST  Microwave  Studio. 

TABLE  I 

Physical  and  Electrical  Parameters  of  the  Second-Order  MEFSS 
With  a  Center  Frequency  of  3  GHz  and  the  Fractional  Bandwidth 
of  6  =  20%  Discussed  in  Section  II- A 


Parameter 

Dx 

Dy 

s 

w 

Value 

24  mm 

24  mm 

0.35  mm 

1 1  mm 

Parameter 

h 

Ci 

l2 

c3 

Value 

1.575  mm 

1.18  pF 

0.34  nH 

1.18  pF 

B.  Concept  for  Designing  Harmonic-Free  MEFSS S 

Since  the  first  spurious  passband  of  this  MEFSS  is  caused  by 
the  natural  harmonics  of  its  constituting  elements,  an  effective 
method  for  removing  that  from  the  desired  frequency  band  of 
operation  is  to  reduce  the  unit  cell  size  of  the  structure.  From 
(l)-(2),  it  can  be  seen  that  reducing  D  shifts  these  resonant  fre¬ 
quencies  to  higher  values.  In  doing  this,  however,  the  effective 
inductance  and  capacitance  values  provided  from  the  metallic 
layers  of  the  MEFSS  must  not  change  in  order  to  maintain 
the  frequency  response  of  the  structure  within  the  desired 
transmission  band  (i.e.,  the  element  values  of  the  equivalent 
circuit  model  of  the  MEFSS  must  not  change).  This  shifts 
the  spurious  transmission  bands  to  higher  frequencies  without 
disturbing  the  frequency  response  of  the  FSS  within  the  desired 
operating  band.  However,  implementing  this  in  practice  can 
be  challenging,  since  reducing  the  period  of  the  MEFSS  while 
maintaining  the  desired  capacitance  and  inductance  values 
results  in  significant  reduction  of  the  minimum  feature  sizes  of 
the  unit  cell  of  the  MEFSS  (i.e.,  the  gap  size  between  capacitive 
patches  Si  and  the  width  of  the  inductive  wires  wf)  [22].  For 
MEFSSs  of  the  type  shown  in  Fig.  1,  however,  this  problem 
is  more  severe  for  the  capacitive  patch  layers  and  the  gap 
spacing  between  adjacent  capacitive  patches  in  these  layers  is 
the  bottleneck  in  the  process  of  miniaturization  of  the  MEFSS 
unit  cell  [17].  In  practice,  the  minimum  spacing  between  the 
adjacent  capacitive  patches  in  each  capacitive  layer  of  the  FSS, 
Si,  is  determined  by  the  minimum  feature  size  that  can  be 
reliably  fabricated  using  any  given  fabrication  procedure.  For 
most  standard  lithography  techniques  used  in  printed  circuit 
board  (PCB)  fabrication,  this  minimum  feature  size  is  about 
0.15  mm.  Therefore,  achieving  the  desired  capacitance  value 
from  an  extremely  sub-wavelength  periodic  structure  is  rather 
challenging. 
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Fig.  3.  Unit  cell  of  the  second-order  bandpass  MEFSS  with  the  lumped  capac¬ 
itors  loading  the  capacitive  patch  layers. 

One  technique  for  achieving  the  desired  capacitance  value  in 
such  situations  is  shown  in  Fig.  3.  In  this  case,  lumped-element 
capacitors  C0  are  placed  in  parallel  between  the  two  adjacent 
edges  of  nearby  capacitive  patches.  Taking  the  intrinsic  capac¬ 
itance  of  the  unloaded  capacitive  patch  layer,  Ci,  into  account, 
the  total  capacitance  of  each  capacitive  layer  in  this  structure  can 
be  modeled  with  a  parallel  combination  of  C0  and  Ci .  Using  this 
topology,  the  unit  cell  size  of  the  capacitive  patches  of  the  struc¬ 
ture  can  be  reduced  while  maintaining  the  required  capacitance 
value.  To  demonstrate  this  in  practice,  three  different  MEFSSs 
of  the  type  shown  in  Fig.  3  are  designed  and  simulated.  All 
of  these  MEFSSs  have  second-order  bandpass  responses  cen¬ 
tered  at  3.0  GHz  and  a  fractional  bandwidth  of  20%.  For  all 
three  cases,  the  gap  sizes  in  the  capacitive  layers  are  s  =  si  = 
s3  =  0.35  mm,  and  the  thicknesses  of  the  substrates  are  hi:2  = 
h2 ,3  =  1.575  mm.  However,  these  MEFSSs  have  different  pe¬ 
riods  and  consequently,  use  different  lumped-element  capacitor 
values  to  maintain  the  desired  frequency  response.  Fig.  4  shows 
the  transmission  coefficients  of  these  three  MEFSSs  obtained 
using  full-wave  EM  simulations  in  CST  Studio.  As  expected, 
the  frequencies  of  the  spurious  transmission  windows  increase 
as  the  unit  cell  sizes  of  the  MEFSSs  decrease.  For  example,  for 
the  structure  with  the  unit  cell  size  of  D  =  10  mm,  and  the 
lumped  capacitor  value  of  C0  =  0.7  pF,  the  first  spurious  trans¬ 
mission  window  occurs  at  1 1.5  GHz.  As  the  unit  cell  size  is  de¬ 
creased  (and  Co  is  increased),  the  frequency  of  the  first  spurious 
transmission  window  increases  as  well  and  in  the  extreme  case 
of  D  =  2  mm  and  C0  =  0.95  pF,  the  first  spurious  transmis¬ 
sion  window  occurs  at  a  frequency  above  30  GHz. 

C.  Practical  Implementation  of  Harmonic-Free  MEFSSS 

While  this  design  example  confirms  the  feasibility  of  re¬ 
moving  spurious  transmission  bands  from  the  responses  of 
MEFSSs  over  a  very  wide  frequency  range,  a  major  challenge 
limits  the  practicality  of  implementing  MEFSSs  of  the  type 
shown  in  Fig.  3.  Specifically,  the  number  of  lumped  elements 
needed  to  achieve  the  desired  response  can  become  extremely 
large,  even  in  small  FSS  panels.  For  example,  for  D  =  2  mm, 
a  10  cm  x  10  cm  panel  of  the  second-order  MEFSS  whose 
response  is  shown  in  Fig.  4  requires  about  10  000  lumped 
capacitors  (2  capacitive  layers,  2500  capacitive  patches  per 
layer,  and  2  lumped  capacitors  per  patch  to  ensure  polarization 
insensitivity).  This  becomes  even  more  challenging  when  a 


Fig.  4.  Calculated  transmission  coefficients  of  the  second-order  bandpass 
MEFSS  discussed  in  Section  II-B  where  the  capacitive  patches  are  loaded 
with  lumped-element  capacitors.  Results  are  obtained  using  full-wave  EM 
simulation  in  CST  Microwave  Studio. 

higher  order  filter  response  is  required,  since  the  number  of 
capacitive  layers  in  these  filters  increases  [22].  Additionally, 
in  MEFSSs  with  bandpass  responses  of  order  P  >  3,  P  —  2 
capacitive  layers  are  sandwiched  by  dielectric  substrates  on 
both  sides  and  are  not  directly  accessible  [22]. 

While  the  direct  implementation  of  the  MEFSS  shown 
in  Fig.  3  using  lumped  elements  is  challenging,  alternative 
implementation  techniques  can  be  envisioned  that  address  the 
practical  problems  of  using  lumped  elements  in  a  periodic 
structure.  One  such  technique  is  to  use  cascaded  capacitive 
patches  separated  by  very  thin  dielectric  substrates  to  synthesize 
a  single  capacitive  layer  with  an  effectively  larger  capacitance. 
In  such  an  arrangement,  each  capacitive  layer  of  the  original 
MEFSS  shown  in  Fig.  1  is  replaced  with  multiple,  closely 
spaced  capacitive  patch  layers.  In  general,  as  the  period  of  the 
MEFSS  is  reduced,  the  number  of  closely  spaced  capacitive 
patch  layers  needed  to  synthesize  an  effective  capacitance 
layer  will  increase.  Fig.  5(a)  shows  the  unit  cell  of  an  effective 
capacitive  layer  composed  of  M  individual  capacitive  patches 
separated  from  one  another  by  M  —  1  extremely  thin  dielectric 
substrates.  For  small  substrate  thicknesses,  all  these  capacitive 
patches  can  be  considered  to  be  in  parallel  with  one  another  and 
hence,  they  constitute  a  single  composite  capacitive  layer  with 
a  larger  capacitance  value.  Additionally,  different  capacitive 
patch  layers  that  constitute  the  composite  capacitive  layer  can 
overlap  with  each  other  to  further  increase  the  capacitance  of  the 
composite  structure.  Using  M  closely  spaced  capacitive  patch 
layers  to  implement  each  single  capacitive  layer  of  the  MEFSS 
shown  in  Fig.  1  will  increase  the  total  number  of  metallic  layers 
of  the  MEFSS  toMxP  +  P-1,  where  P  =  (N  +  l)/2 
is  the  order  of  the  filter,  and  N  is  the  total  number  of  metallic 
layers  of  the  original  MEFSS  shown  in  Fig.  1.  The  equivalent 
circuit  model  of  the  whole  structure  is  shown  in  Fig.  5(b). 
Here,  the  combination  of  cascaded  capacitive  patches  are 
modeled  with  C\eff , . . . ,  CVe// .  Each  capacitor  in  this  equiv¬ 
alent  circuit  represents  the  effective  capacitance  obtained 
from  one  combination  of  M  closely  spaced  capacitive  layers. 
The  sub-wavelength  inductive  wiregrids  are  modeled  with 
L2 , ,  Ln-i  and  the  dielectric  substrates  separating  the  in¬ 
ductive  layers  and  combined  capacitive  layers  are  modeled  with 
the  transmission  lines  with  the  lengths  of  hi, ... ,  h^-i  and 
the  characteristic  impedances  of  Z\, . . . ,  Z^-i-  Free  space  on 
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Fig.  5.  (a)  Multiple  closely  spaced  capacitive  patch  layers  are  used  to  synthe¬ 
size  a  single  effective  capacitive  layer.  The  dielectric  substrates  are  extremely 
thin.  The  unit  cells  of  the  patches  used  in  different  layers  can  overlap  with  each 
other  and  do  not  necessarily  have  to  be  aligned  together,  (b)  The  equivalent  cir¬ 
cuit  model  of  a  generalized  MEFSS  of  the  type  shown  in  Fig.  1  in  which  each 
one  of  the  capacitive  layers  is  substituted  with  a  composite,  multi-layer  effec¬ 
tive  capacitive  layer  similar  to  that  shown  in  Fig.  5(a).  In  this  equivalent  circuit 
model  Ci,eff  represents  the  effective  capacitance  of  each  of  the  composite, 
multi-layer  capacitive  structures  that  are  used  to  synthesize  the  ith  capacitive 
layer  of  the  MEFSS  shown  in  Fig.  1(a). 


each  side  of  the  FSS  is  modeled  with  semi-infinite  transmission 
lines  with  the  characteristic  impedances  of  =  377  fl 

There  are  a  number  of  parameters  that  influence  the  effective 
capacitance  obtained  from  the  combination  of  cascaded  patches. 
These  include  the  number  of  capacitive  layers  in  the  cascade  ar¬ 
rangement,  the  gap  size  between  the  adjacent  capacitive  patches 
in  each  layer,  and  the  thickness  and  the  dielectric  constants  of 
the  separating  substrates.  Increasing  the  number  of  layers  in¬ 
creases  the  effective  capacitance  but  it  will  also  increase  the  total 
number  of  layers  used  in  the  MEFSS  and  increases  the  overall 
thickness  and  the  complexity  of  the  design.  Therefore,  in  the 
rest  of  this  paper,  we  focus  on  designs  that  use  only  two  cas¬ 
caded  capacitive  layers  to  synthesize  each  of  the  constituting 
capacitive  layers  of  the  MEFSS  of  Fig.  1.  Decreasing  the  gap 
size,  increasing  the  dielectric  constant  value  of  the  separating 
substrates,  and  decreasing  their  thicknesses  will  all  increase  the 
effective  capacitance  value.  However,  these  parameters  are  pri¬ 
marily  determined  by  the  fabrication  technology  or  the  avail¬ 
ability  of  commercialy  available  substrates.  In  addition  to  these 
parameters,  the  capacitance  value  also  depends  on  the  offset 
overlap  between  two  cascaded  patches  in  the  capacitive  layer. 

To  demonstrate  the  effect  of  offset  overlapping,  we  have  ex¬ 
amined  a  periodic  structure  composed  of  two  capacitive  patch 
layers  with  unit  cell  dimensions  of  D  =  6.5  mm  and  the  gap 
spacing  of  s  =  0.5  mm.  Both  layers  are  assumed  to  be  in  free 
space  and  the  spacing  between  them  is  h  =  0.2  mm.  As  shown 
in  Fig.  6(a),  the  overlap  between  two  patch  layers  is  modeled 
with  a  vector  (xc.  yc)  connecting  the  centers  of  the  two  patches, 
within  each  unit  cell  of  the  structure,  together.  xc  refers  to  the 
horizontal  offset  between  the  positions  of  the  two  patches  and  yc 
refers  to  the  vertical  offset  between  them.  The  structure  is  simu¬ 
lated  using  full- wave  EM  simulations  in  CST  Studio  to  compute 
its  effective  capacitance  as  a  function  of  the  vector  (xc,  yc).  To 
do  this,  the  unit  cell  of  the  structure  shown  in  Fig.  6(b)  is  simu¬ 
lated  using  the  periodic  boundary  conditions.  The  transmission 
and  reflection  coefficients  of  the  structure  for  a  normally  inci¬ 
dent  wave  are  calculated  for  the  two  orthogonal  polarizations. 


These  include  the  vertical  and  horizontal  polarizations  in  which 
the  electric  field  is  respectively  oriented  along  the  y  and  x  direc¬ 
tions.  Subsequently,  the  simplified  equivalent  circuit  model  of 
the  structure,  shown  in  Fig.  6(c)  (right),  is  simulated  in  a  circuit 
simulation  software  (Agilent  Advanced  Design  System)  and  the 
transmission  coefficient  of  the  equivalent  circuit  model  is  cal¬ 
culated.  Finally,  the  value  of  Ceff  is  tuned  in  ADS  to  match 
the  magnitudes  and  the  phases  of  the  transmission  and  reflec¬ 
tion  coefficients  obtained  from  the  full-wave  simulation  and  the 
simplified  circuit  model  together.  This  way,  the  effective  capac¬ 
itance  is  calculated. 

Fig.  6(d)-(e)  shows  the  results  obtained  from  these  case 
studies  for  the  aforementioned  structure  for  both  the  vertical 
and  horizontal  polarizations.  For  both  polarizations,  the  capac¬ 
itance  value  is  calculated  as  a  function  of  xc  and  yc.  For  the 
vertical  polarization,  yc,  which  represents  the  vertical  offset 
between  two  patches,  has  the  most  significant  effect  on  the  ca¬ 
pacitance  value  while  xc,  which  represents  the  horizontal  offset 
between  two  patches,  only  has  a  negligible  effect.  However, 
for  the  horizontal  polarization,  xc  has  the  major  effect  and  yc 
only  affects  the  capacitance  negligibly.  These  can  be  described 
easily  by  the  alignment  of  the  direction  of  the  electric  field 
vector  of  the  incident  wave  and  the  gap  between  two  adjacent 
patches.  Combining  these  two  figures,  we  can  find  out  that  the 
maximum  capacitance  happens  when  the  offset  vector  is  equal 
to  ( xc,yc )  =  (D/2,  D/2).  For  this  structure,  the  maximum 
value  of  the  capacitance  is  0.48  pF.  The  minimum  capacitance 
value  of  0.09  pF  is  obtained  for  the  case  when  both  patches  are 
aligned  together  and  (xc,yc)  =  (0,  0). 

D.  Approximate  Formula  for  Calculating  the  Capacitance  of 
Cascade  Overlapping  Patches 

To  better  understand  the  impact  of  the  offset  overlap  on  the 
capacitance  of  the  cascaded  patches  and  facilitate  the  design 
process  of  such  structures,  we  have  developed  an  analytical  for¬ 
mula  that  can  be  used  to  approximate  the  effective  capacitance 
of  a  two  layer  stack  of  cascaded  capacitive  patches  with  the 
offset  vector  of  ( xc.yc )  =  (D/2,  D/2).  Fig.  7  shows  a  unit 
cell  of  such  a  structure.  Observe  that  four  parts  of  the  upper 
patch  layer  form  effective  parallel  plate  capacitors  of  Cc  with 
the  bottom  patch  layer.  Cc  can  be  easily  approximated  by  the 
following  formula: 

eaereff(D  -  s)2 

°c  ~  Ah  (3) 

where  D  is  the  unit  cell  size,  s  is  the  gap  size  between  two 
adjacent  patches,  h  is  the  thickness  of  the  dielectric  between  two 
patch  layers,  and  eef  /  represents  the  effective  dielectric  constant 
between  the  two  layers.  The  total  capacitance  is  modeled  as  the 
parallel  combination  of  the  intrinsic  capacitance  C% ,  brought  by 
the  capacitive  gap,  in  parallel  with  the  series-parallel  network 
of  Cc  capacitors  as  shown  in  Fig.  7(b).  Therefore, 

Ctotal  =  Cc  +  Ci  (4) 


where 


^  2D  i 

Ci  =  eQereff - In 


1 


(in) 


(5) 
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Fig.  6.  (a)  The  unit  cells  of  the  two  capacitive  layers  used  to  synthesize  a  single  effective  capacitive  layer  of  the  MEFSS  of  Fig.  1(a)  can  overlap  with  each  other. 
This  overlap  is  modeled  by  the  vector  (xc,yc).  (b)  3D  topology  of  the  unit  cell  of  a  composite  patch  layer  showing  the  offset  between  the  capacitive  patches  and 
the  dielectric  slab  that  separates  them,  (c)  The  equivalent  circuit  model  of  the  capacitive  structure  shown  in  Fig.  6(b).  (d)-(e)  The  extracted  effective  capacitance 
of  the  capacitive  structure  shown  in  Fig.  6(b)  consisting  of  two  cascaded  capacitive  patches  and  a  thin  substrate  separating  them.  The  structure  has  the  unit  cell 
dimensions  of  6.5  mm  x  6.5  mm.  The  gap  size  for  both  layers  is  s  =  0.5  mm  and  the  patch  size  is  P  =  6  mm.  The  thickness  of  the  substrate  is  h  =  0.2  mm. 
The  study  has  been  done  for  both  (d)  Vertical  and  (e)  Horizontal  polarizations. 


Fig.  7.  (a)  The  capacitive  structure  composed  of  two  cascaded  capacitive  layers 
can  be  modeled  as  four  capacitors  with  capacitance  values  of  Cc  and  one  ca¬ 
pacitor  with  a  capacitance  value  of  C\  as  depicted,  (b)  The  equivalent  circuit 
model  of  the  capacitive  structure  showing  the  relative  arrangement  of  Cc  and 
Ci  capacitors. 


Unit  Cell  Di  [nvp] 

Fig.  8.  Comparison  between  the  capacitance  values  predicted  using  the  ana¬ 
lytical  method  and  those  extracted  from  full-wave  EM  simulations.  The  results 
are  shown  for  the  structure  examined  in  Section  II-C. 


These  analytical  formulas  are  used  to  calculate  the  effective  ca¬ 
pacitance  of  the  two  layer  stack  of  capacitive  patches  examined 
in  Section  II-C  as  a  function  of  the  unit  cell  size.  Fig.  8  shows  the 
capacitance  values  calculated  using  (3)— (5)  alongside  the  values 
extracted  from  full-wave  EM  simulations.  As  can  be  observed, 
both  results  are  in  good  agreement.  Thus,  the  analytical  formula 
can  be  used  in  a  design  procedure  of  the  proposed  harmonic-free 
FSS  to  predict  the  capacitances  to  a  first-order  approximation. 

III.  Design  Procedure  and  a  Design  Example 
A.  Design  Procedure 

The  design  procedure  of  the  proposed  structure  is  based  on 
synthesizing  the  desired  filter  response  of  the  equivalent  circuit 


model  of  Fig.  5(b)  and  mapping  the  equivalent  circuit  parame¬ 
ters  to  the  physical  parameters  of  the  proposed  MEFSS.  All  the 
steps  are  similar  to  the  procedure  described  in  Section  II-A  and 
also  that  reported  in  [22]  except  the  mapping  of  the  effective 
parameters  of  the  equivalent  circuit  model  to  the  geometrical 
parameters  of  the  capacitive  layers  constituting  the  FSS.  In  the 
mapping  step,  the  desired  values  of  the  capacitors  and  induc¬ 
tors  obtained  from  the  equivalent  circuit  model  are  mapped  to 
the  geometrical  parameters  of  the  proposed  structure.  We  as¬ 
sume  that  the  dielectric  constant  of  all  the  substrates  used  in 
the  FSS  are  known.  For  simplicity,  we  also  assume  that  all  sub¬ 
strates  used  in  the  FSS  have  the  same  dielectric  constants  and 
that  the  thicknesses  of  the  substrates  used  in  between  the  capaci¬ 
tive  multilayers  are  also  equal  and  known.  The  gap  size  between 
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the  sub-wavelength  capacitive  patches  in  each  capacitive  layer 
is  primarily  determined  by  the  minimum  feature  size  that  can  be 
reliably  fabricated  using  the  fabrication  technology  of  choice.  In 
general,  the  smallest  gap  size  is  chosen  to  ensure  that  the  unit 
cell  dimensions  of  the  FSS  can  be  reduced  as  much  as  possible. 

This  will  increase  the  bandwidth  over  which  no  spurious  trans¬ 
mission  window  occurs.  Assuming  that  the  gap  size,  s ,  is  known 
and  fixed,  the  unit  cell  size,  D ,  can  be  obtained  using  (3)-(5). 

Then,  the  width  of  the  wire  grids  is  determined  from 

i  =  )■  «-) 

Due  to  the  close  proximity  of  the  metal  layers,  the  presence  of  5 

each  layer  will  affect  the  capacitance  or  inductance  of  the  other  | 

layers.  Therefore,  physical  parameters  obtained  using  this  de¬ 
sign  process  may  need  to  be  tuned  slightly  to  achieve  the  desired 
response.  This  can  be  done  by  following  an  iterative  procedure 
similar  to  the  one  described  in  [17]  and  [22]  and  will  not  be  re¬ 
peated  here. 

B.  Design  Example  and  Simulation  Results 


Fig.  9.  Unit  cell  of  the  proposed  harmonic-suppressed  second-order  bandpass 
FSS  discussed  in  Section  III-B. 


Fig.  10.  Measured  and  calculated  transmission  coefficients  of  the  FSS  proto¬ 
type  discussed  in  Section  III-B  and  shown  in  Fig.  1 1 .  The  MEFSS  is  composed 
of  the  unit  cells  shown  in  Fig.  9  with  physical  dimensions  reported  in  Table  II. 


The  procedure  presented  in  Section  III-A  was  followed  to 
design  an  MEFSS  prototype  with  a  second-order  bandpass  re¬ 
sponse  having  a  center  frequency  of  /o  =  3.0  GHz,  a  fractional 
bandwidth  of  8  =  20%,  and  no  spurious  transmission  bands 
up  to  approximately  27  GHz.  The  equivalent  circuit  parameters 
of  the  structure  (shown  in  Fig.  5(b))  were  first  determined  fol¬ 
lowing  the  design  procedure  described  in  [22].  In  doing  so,  we 
assumed  that  dielectric  substrates  are  non  magnetic  and  have  a 
dielectric  constant  of  er  =  2.2  (Rogers  RT/duroid  5880).  A  con¬ 
ventional  second-order  MEFSS  (of  the  type  shown  in  Fig.  1(a)) 
has  two  capacitive  layers  and  one  inductive  layer  as  shown  in 
Fig.  1.  In  this  harmonic-suppressed  MEFSS,  each  of  the  ca¬ 
pacitive  layers  were  implemented  by  using  two  closely  spaced, 
overlapping  capacitive  layers  as  described  in  Section  II-C.  The 
physical  parameters  of  the  MEFSS  were  obtained  using  the  de¬ 
sign  procedure  discussed  in  Section  III-A.  The  structure  has  unit 
cell  dimensions  of  D  =  5.2  mm  which  is  equivalent  to  ap¬ 
proximately  Ao/20,  where  Ao  is  the  free  space  wavelength  at 
/o  =  3.0  GHz.  Since  this  MEFSS  is  composed  of  multiple  sub¬ 
strates  that  need  to  be  bonded  together,  the  effect  of  the  bonding 
material  on  the  response  of  the  MEFSS  must  also  be  taken  into 
account.  The  bonding  material  used  here  was  Rogers  4450F 
prepreg  with  the  dielectric  constant  of  er  =  3.58  and  a  thickness 
of  0.1  mm.  Introduction  of  the  bonding  layers  creates  an  asym¬ 
metry  in  the  topology  of  the  proposed  MEFSS,  which  slightly 
changes  its  response.  This  asymmetry  was  eliminated  by  using 
two  closely  spaced  wire  grids  on  the  two  sides  of  the  middle 
bonding  layer  instead  of  using  just  one  wire  grid  on  one  side  as 
shown  in  Fig.  9.  Using  this  strategy,  the  two  inductive  layers  in 
the  middle,  which  are  separated  by  a  thin  prepreg  layer,  act  as  a 
single  composite  inductive  layer.  This  way,  the  symmetry  of  the 
structure  is  maintained  and  impact  of  the  prepreg  layers  on  the 
response  of  the  MEFSS  can  be  minimized.  The  final  physical  pa¬ 
rameters  of  the  structure  are  listed  in  Table  II.  This  structure  was 
simulated  in  CST  Microwave  Studio  and  its  frequency  response 
was  calculated.  Fig.  10  shows  the  transmission  coefficient  of 


TABLE  II 

Physical  Parameters  of  the  Second-Order  FSS  With  a  Center 
Frequency  of  3  GHz,  the  Fractional  Bandwidth  of  6  =  20%,  and 
No  Harmonics  Up  to  27  GHz  Discussed  in  Section  III-B 


Parameter 

D 

W\ 

W2 

hjy 

Value 

5.2  mm 

2  mm 

2  mm 

0.101  mm 

Parameter 

Pi 

si 

P2 

S2 

Value 

4.85  mm 

0.35  mm 

4.85  mm 

0.35  mm 

Parameter 

hi 

h‘2 

fe 

/l4 

Value 

1.575  mm 

1.575  mm 

0.127  mm 

0.127  mm 

Fig.  11.  (a)  Photograph  of  the  fabricated  harmonic-suppressed  MEFSS  proto¬ 
type.  (b)  Side  view  of  the  fabricated  prototype. 

this  FSS  in  the  0-27  GHz  range.  As  can  be  observed,  a  trans¬ 
mission  window  centered  at  3.0  GHz  is  achieved  and  the  FSS 
does  not  have  any  spurious  transmission  bands  up  to  27  GHz  as 
expected. 

IV.  Experimental  Verification  and 
Measurement  Results 

A  prototype  of  the  aforementioned  harmonic-suppressed 
MEFSS  (discussed  in  Section  III-B)  was  fabricated  using 
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Fig.  12.  (a)-(b)  Measured  transmission  coefficients  of  the  fabricated  harmonic-suppressed  MEFSS  prototype  discussed  in  Section  III-B  and  shown  in  Fig.  11  for 
oblique  incidence  angles  for  the  (a)  TE  and  (b)  TM  polarization  of  incidence. 


standard  PCB  lithography  and  substrate  bonding  techniques. 
The  fabricated  prototype  has  six  metal  layers,  four  dielectric 
substrates,  and  panel  dimensions  of  50  cm  x  37  cm.  Rogers 
RT/duroid  5880  substrates  (er  =  2.2),  with  the  thickness  of 
1.575  mm  is  used  between  inductive  layers  and  capacitive 
multilayers.  The  same  substrate  material  with  the  thickness  of 
0. 127  mm  is  used  between  two  cascaded  captive  patches.  All  the 
dielectric  substrates  are  bonded  together  using  a  0.1-mm-thick 
Rogers  445 OF  binding  film  with  er  =  3.58.  The  total  thickness 
of  the  structure,  including  the  bonding  layers,  is  3.7  mm  which 
is  less  than  Ao/25  at  3.0  GHz.  Fig.  11  shows  a  photograph  of 
the  fabricated  harmonic-suppressed  MEFSS. 

The  measurement  setup  consisted  of  a  large  metallic  screen 
with  the  dimensions  of  1.8  mx  1.2  m  with  a  rectangularly 
shaped  opening  having  the  same  dimensions  as  those  of  the 
FSS  at  its  center.  This  screen  was  placed  between  the  transmit¬ 
ting  and  receiving  antennas  both  connected  to  the  two  ports  of 
a  vector  network  analyzer  (VNA).  The  large  metallic  fixture 
ensures  that  a  transmitted  EM  wave  must  pass  through  the 
FSS  to  arrive  at  the  receiver.  Absorbers  were  used  to  cover 
points  of  specular  reflection  in  the  surrounding  environment 
(e.g.,  on  the  ground  and  side  walls  of  the  room).  Additionally, 
range  gating  in  the  VNA  was  used  to  eliminate  the  effects  of 
scattering  and  diffraction  of  the  EM  waves  from  the  edges  of 
the  metallic  fixture  that  host  the  FSS  as  well  as  the  effects  of 
the  multiple  reflections  between  two  antennas  as  discussed  in 
[17].  Transmission  coefficient  measurements  were  carried  out 
in  two  steps.  First,  the  transmission  coefficient  of  the  screen 
without  the  FSS  was  measured  and  used  for  calibration.  Then, 
the  FSS  was  placed  in  the  opening  and  its  transmission  coef¬ 
ficient  was  measured  once  again.  The  transmission  coefficient 
of  the  MEFSS  was  obtained  using  these  two  measurement 
results.  Measurements  were  performed  in  2  GHz-27.0  GHz 
frequency  range  using  multiple  pairs  of  transmitting  and  re¬ 
ceiving  antennas  that  cover  different  parts  of  this  frequency 
range.  Over  the  2  GHz-8  GHz  frequency  band,  a  pair  of  dual 
ridge  horn  antennas  were  used.  A  pair  of  X-band  and  a  pair  of 
K-band  horn  antennas  were  used  to  do  the  measurements  in 
the  7.0  GHz-15  GHz  and  15  GHz-27.0  GHz  frequency  bands, 
respectively.  In  these  measurements,  the  X-band  and  K-band 
horn  antennas  were  used  outside  of  their  recommended  fre¬ 


quency  bands  of  operation  (e.g.,  7. 0-8.0  GHz  and  12-15  GHz 
for  the  X-band  horns  and  15  GHz-18  GHz  for  the  K-band 
horns).  This  was  done  primarily  due  to  the  unavailability  of 
other  standard  antennas  that  were  specifically  designed  for 
operation  at  these  bands  during  our  measurements.  Fig.  10 
shows  the  measured  frequency  response  of  the  MEFSS  along 
with  the  full- wave  simulation  results.  As  can  be  observed,  a 
relatively  good  agreement  between  the  measured  and  simulated 
results  is  observed.  The  discrepancies  observed  between  the 
measurement  and  simulation  results  in  the  vicinity  of  7.0  GHz 
and  15.0  GHz  are  primarily  attributed  to  using  the  receive  and 
transmit  antennas  outside  of  their  recommended  frequency 
bands.  Nonetheless,  the  measured  result  demonstrates  clearly 
that  the  FSS  does  not  have  any  spurious  transmission  windows 
up  to  27.0  GHz. 

The  response  of  the  fabricated  prototype  was  also  measured 
for  oblique  incidence  angles  for  the  TE  and  TM  polarizations 
of  incidence.  Fig.  12(a)  shows  the  transmission  coefficients  of 
the  structure  measured  for  the  TE  polarization  for  incidence  an¬ 
gles  in  the  range  of  0°-60°.  As  can  be  observed,  the  FSS  re¬ 
sponse  is  stable  for  such  large  incidence  angles.  Additionally, 
the  structure  maintains  its  harmonic  suppressed  operation  for 
the  TE  polarization  up  to  27.0  GHz  for  incidence  angles  in 
the  range  of  ±60°.  Fig.  12(b)  shows  the  measured  transmis¬ 
sion  coefficients  of  the  structure  for  the  TM  polarization  of  in¬ 
cidence  in  the  range  of  0°-60°.  Similar  to  the  previous  case, 
the  FSS  maintains  its  second-order  bandpass  response.  How¬ 
ever,  the  center  frequency  of  operation  of  the  structure  shifts 
higher  than  3.0  GHz  for  incidence  angles  exceeding  45°.  This 
is  also  observed  in  other  MEFSSs  of  the  type  shown  in  Fig.  1 
(e.g.,  see  [17]).  This  behavior  can  be  explained  by  examining 
the  variations  of  the  parameters  of  the  equivalent  circuit  model 
of  the  FSS  under  oblique  incidence  angles.  Specifically,  for  the 
TE  polarization  of  incidence,  the  capacitance  values  of  the  patch 
layers  decrease  as  the  angle  of  incidence  increases  while  the  in¬ 
ductance  value  of  the  wire  grid  does  not  change  [28].  For  the 
TE  polarization,  the  series  inductances — associated  with  small 
transmission  lines  representing  the  dielectric  substrates  of  the 
MEFSS — increase  as  the  incidence  angle  increases.  These  two 
effects  compensate  each  other  resulting  in  a  stable  center  fre¬ 
quency  of  operation  as  the  angle  of  incidence  changes.  For  the 
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TM  polarization,  however,  the  inductance  of  the  wire  grid  in  the 
middle  layer  decreases  as  the  incidence  angle  increases  while 
the  capacitance  values  of  the  patch  layers  do  not  change  [28]. 
The  values  of  the  series  inductances  representing  the  short  trans¬ 
mission  lines  modeling  the  dielectric  substrates,  however,  de¬ 
crease  as  the  angle  of  incidence  increases.  The  reduction  of  these 
inductance  values  results  in  increasing  the  center  frequency  of 
operation  of  the  MEFSS  for  the  TM  polarization  as  the  inci¬ 
dence  angle  increases.  This  effect,  however,  become  significant 
only  when  the  incidence  angle  increases  beyond  45°  as  seen 
in  Fig.  12.  Additionally,  for  the  TM  polarization,  as  the  angle 
of  incidence  is  increased,  one  of  the  higher  spurious  transmis¬ 
sion  windows  starts  to  shift  towards  lower  frequencies  and  is 
observed  in  the  results  shown  in  Fig.  13(b)  for  6  =  45°  and 
0  =  60°.  The  peak  transmission  coefficient  of  this  spurious 
band,  however,  remains  below  —  20  dB  for  incidence  angles  up 
to  60°.  Thus,  the  MEFSS  maintains  its  desired  harmonically 
suppressed  transfer  function  for  the  TM  polarization  for  inci¬ 
dence  angles  in  the  ±60°  range  as  well. 

V.  Conclusion 

We  presented  a  new  method  for  designing  miniaturized-ele- 
ment  frequency  selective  surfaces  with  higher  order  bandpass 
responses,  which  are  free  of  spurious  transmission  windows 
over  an  extremely  wide  frequency  band.  The  proposed  har¬ 
monic-suppressed  MEFSSs  take  advantage  of  the  concept  of 
cascaded,  overlapping  capacitive  patch  layers  to  drastically 
reduce  the  unit  cell  size  of  the  structure.  Using  multiple  closely 
spaced  capacitive  layers  with  overlapping  unit  cells  to  syn¬ 
thesize  a  single  effective  capacitive  layer  leads  to  a  larger 
capacitance  value  for  given  unit  cell  dimensions.  As  a  result, 
the  natural  resonant  frequencies  of  these  patches  and  the  aper¬ 
tures  within  the  wire  grids  shift  to  higher  frequencies  and  a 
harmonic-free  response  over  an  extremely  large  bandwidth  can 
be  achieved.  The  proposed  concept  was  experimentally  verified 
by  designing  an  MEFSS  prototype  having  a  second-order  band¬ 
pass  response  with  a  fractional  bandwidth  of  20%  at  3.0  GHz, 
which  does  not  demonstrate  any  spurious  transmission  win¬ 
dows  up  to  27  GHz.  This  MEFSS  was  also  fabricated  and 
experimentally  characterized  using  a  free-space  measurement 
setup.  Measurements  confirmed  that  the  fabricated  structure  is 
indeed  free  of  spurious  transmission  windows  over  the  expected 
frequency  band  of  operation.  Additionally,  we  examined  the 
performance  of  this  prototype  for  various  incidence  angles  and 
polarizations  of  the  incident  EM  wave.  The  fabricated  MEFSS 
prototype  demonstrates  a  stable  frequency  response  for  both 
the  TE  and  TM  polarizations  of  incidence  and  maintains  its 
harmonic  free  operation  for  incidence  angles  in  the  ±60°  range 
for  both  the  TE  and  TM  polarizations  of  incidence.  The  concept 
presented  in  this  work  can  also  be  expanded  to  design  MEFSSs 
for  the  VHF  and  lower  UHF  frequency  bands.  If  the  MEFSS 
design  presented  in  this  work  is  directly  scaled,  it  is  expected 
that  it  will  maintain  the  same  harmonic  free  bandwidth  (i.e.,  a 
9:1  bandwidth).  However,  as  the  center  frequency  of  operation 
of  the  MEFSS  decreases,  it  may  be  necessary  to  extend  the 
harmonic-free  range  of  operation  of  the  device  to  ensure  that 
the  device  does  not  show  any  spurious  transmission  windows 
up  to  high  frequencies  (e.g.,  20  GHz).  In  such  situations,  the 


harmonic-free  bandwidth  of  the  MEFSS  can  be  increased 
by  using  more  cascaded  capacitive  layers  with  smaller  unit 
cell  dimensions.  For  example,  computer  simulations  of  an 
MEFSS  with  three  cascaded  capacitive  patches  operating  in  the 
500-700  MHz  range  indicate  that  it  remains  free  of  spurious 
transmission  windows  up  to  18.0  GHz,  or  equivalently  a  30:1 
bandwidth. 
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A  Low-Profile,  Wideband  Antenna  with 
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Abstract — A  low-profile,  compact  and  wideband  vertically- 
polarized  antenna  demonstrating  directional  radiation  character¬ 
istics  in  both  the  azimuth  and  the  elevation  planes  is  presented. 
The  antenna  is  composed  of  four  bent-diamond-shaped  half 
loops  placed  on  a  ground  plane.  The  half  loops  are  fed  at 
their  centers  and  short  circuited  to  the  ground  at  their  ends. 
Two  of  the  half  loops  are  fed  in  phase  while  the  other  two 
are  fed  with  180°  phase  difference  generating  omni-directional 
and  figure-eight  shaped  radiation  patterns,  respectively.  Coherent 
combination  of  these  radiation  patterns  generates  a  cardioid- 
shaped  directional  pattern.  A  prototype  of  the  antenna  was 
fabricated  and  characterized.  The  antenna  has  electrical  dimen¬ 
sions  of  0.54Amin  x0.4Amin  x0.116Amin  at  its  lowest  frequency  of 
operation  and  operates  over  a  2:1  bandwidth. 

Index  Terms — Broadband  antennas,  cardioid-shaped  patterns, 
directional  antennas,  wideband  antennas. 


I.  Introduction 

Many  military  systems  use  HF,  VHF,  and  UHF  frequency 
bands  for  a  variety  of  applications  including  communications, 
sensing,  and  electronic  warfare.  Monopole  whips  are  the  dom¬ 
inant  type  of  antennas  used  at  these  frequencies.  They,  how¬ 
ever,  are  high-profile  structures  with  large  visual  signatures, 
which  is  not  desirable  in  military  applications.  Furthermore, 
monopole  antennas  can  only  provide  omni-directional  radia¬ 
tion  patterns  in  the  azimuth  plane.  However,  in  certain  appli¬ 
cations,  having  an  antenna  that  radiates  a  vertically-polarized 
wave,  like  a  monopole  but  has  a  directional  radiation  pattern 
in  the  azimuth  plane  is  desired.  Examples  include  situations 
where  multiple  antennas  are  mounted  on  a  single  platform  and 
the  interference  between  them  should  be  minimized  or  where 
directional  patterns  are  needed  to  perform  jamming  operations. 

Various  techniques  have  been  examined  in  the  past  for 
designing  broadband,  vertically-polarized  directional  antennas. 
Reflector-backed  or  self-grounded  radiators  were  examined 
in  [l]-[3].  These  techniques  require  having  a  relatively  large 
reflector  placed  behind  the  antenna  to  reduce  the  back  radiation 
levels.  This,  however,  increases  the  overall  height  of  the 
antenna.  The  lowest-profile  antenna  among  these  antennas  has 
an  electrical  height  of  around  0.19Am^n  at  its  lowest  frequency 
of  operation.1  Miniaturized  horn  antennas  have  also  been  used 
to  achieve  directional  radiation  in  a  compact  form  factor  [4]- 
[6].  However,  they  are  relatively  high  profile. 

This  work  is  supported  by  Office  of  Naval  Research  under  ONR  award 
No.  N00014-1 1-1-0618.  The  authors  are  with  the  Department  of  Electrical 
and  Computer  Engineering,  University  of  Wisconsin-Madison,  Madison,  WI 
53706-1691  USA  (e-mail:  ghaemi@wisc.edu;  behdad@wisc.edu). 

!The  height  of  antennas  without  ground  planes  are  divided  by  two  to  have 
a  fair  comparison.  Additionally,  realized  gain  values  of  those  antennas  are 
added  to  3  dB  for  the  same  reason. 


TABLE  I 

COMPARISON  OF  THE  PERFORMANCE  OF  THE  PROPOSED  ANTENNA  WITH 
THE  CURRENT  STATE-OF-THE-ART  IN  LOW-PROFILE, 
VERTICALLY-POLARIZED,  WIDEBAND  DIRECTIONAL  ANTENNAS. 


Group 

LxWxH 

BW 

FTBR  (dB) 

[1] 

0.43  x  0.32  x  0.25 

4.5:1 

10 

[2] 

0.5  x  0.5  x  0.2 

3.2:1* 

10 

[3] 

0.36  x  0.16  x  0.19 

7.5:1 

10 

[4] 

0.55  x  0.18  x  0.135 

4.5:1 

8 

[5] 

1  x  0.33  x  0.59 

30:1 

15 

[6] 

0.25  x  NR  x  0.21 

4.5:1 

10 

This  Work 

0.54  x  0.4  x  0.116 

2:1 

9 

denotes  for  a  dual-band  response  in  the  reported  bandwidth. 


In  this  letter,  we  present  a  low-profile,  compact  and  wide¬ 
band  antenna  capable  of  providing  vertically-polarized,  di¬ 
rectional  radiation  in  the  azimuth  plane.  The  architecture 
of  this  antenna  can  easily  be  modified  to  allow  for  dy¬ 
namically  switching  its  direction  of  maximum  radiation  by 
180°.  The  antenna  is  composed  of  four  half  loops  mounted 
on  a  ground  plane  and  provides  a  cardioid-shaped  radia¬ 
tion  pattern  over  a  wide  bandwidth  using  a  simple  feed 
network.  A  prototype  of  the  proposed  antenna  is  fabricated 
and  characterized.  The  antenna  has  electrical  dimensions  of 
0.540Aminx0.400Aminx0.116Amin  at  its  lowest  frequency  of 
operation.  The  fabricated  prototype  demonstrates  a  VSWR 
below  2.4:1  and  directional  radiation  patterns  with  typical 
front-to-back  ratios  of  9  dB  over  an  octave  bandwidth.  Table.  I 
shows  a  comparison  between  the  performance  of  this  antenna 
with  those  of  the  current  state-of-the-art.  Observe  that  the 
design  proposed  in  this  work  offers  an  extremely  low  overall 
height,  which  is  important  for  VHF/UHF  military  applications. 

II.  Principles  of  Operation 
A.  Antenna  Design 

A  cardioid-shaped  radiation  pattern  can  be  obtained  by 
coherently  combining  an  omnidirectional  radiation  pattern 
with  a  figure-eight-shaped  one.  This  can  be  done  by  combining 
the  radiation  patterns  of  a  dipole  and  a  loop  [7],  or  a  monopole 
and  a  slot  [8].  To  generate  the  cardioid-shaped  patterns  over  a 
broad  bandwidth,  however,  broadband  radiating  elements  are 
required.  In  [9],  a  compact  ultra- wideband  antenna  composed 
of  two  closely  coupled  loops  was  presented.  The  compact  size 
and  low  height  of  this  antenna  makes  it  a  suitable  element  to 
be  used  in  generating  a  cardioid-shaped  radiation  pattern  over 
a  wide  bandwidth.  Fig.  1(a)  shows  two  closely-spaced  half 
loop  antennas  with  the  shape  of  bent  diamond  arms.  These 
half  loops  are  fed  at  their  center  tips  and  short-circuited  to  the 
ground  at  their  ends.  When  the  two  half  loops  are  fed  in  phase, 
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Frequency  [GHz] 


Fig.  1.  (a)  Two  identical  half  loops  placed  close  to  each  other,  (b)  Effect  of 
the  separation  between  the  two  half  loops  on  the  differential-mode  VSWR. 


the  whole  antenna  structure  acts  as  a  wideband  vertically- 
polarized  monopole  [9].  On  the  other  hand,  when  they  are 
fed  with  a  180°  phase  difference,  it  radiates  a  vertically- 
polarized  wave  with  a  figure-eight- shaped  radiation  pattern 
in  the  azimuth  plane  over  a  wide  bandwidth  [10].  Therefore, 
the  common  and  differential  modes  of  the  structure  shown  in 
Fig.  1(a)  can  be  used  as  building  blocks  of  a  cardioid-shaped 
radiation  pattern  over  a  broad  bandwidth. 

The  input  VSWR  of  the  antenna  shown  in  Fig.  1(a)  is 
shown  in  Fig.  1(b)  for  both  the  common  mode  (CM)  and  the 
differential  mode  (DM).  The  results  of  the  DM  are  presented 
for  various  spacings  between  the  two  loops.  Observe  that,  for 
small  d  values,  the  lowest  frequency  of  operation  of  the  CM 
excitation  is  lower  than  that  of  the  DM  one.  As  the  spacing 
between  the  two  half  loops  increases,  the  VSWR  of  the  DM 
improves  and  its  lowest  frequency  of  operation  is  reduced. 
This  is  due  to  the  anti- symmetric  current  distributions  of  the 
antenna  in  DM.  When  the  spacing  between  the  half  loops  is 
small,  the  vertical  components  of  the  currents  tend  to  cancel 
each  other  making  the  impedance  matching  process  difficult. 
Fig.  1(b)  shows  that  the  operating  band  of  the  antenna  having 
d  =  62  mm  in  the  DM  is  similar  to  that  of  the  antenna  with 
d  —  2  mm  excited  in  the  CM.  Based  on  this,  we  propose  the 
antenna  topology  shown  in  Fig.  2  consisting  of  four  half  loops. 
In  this  structure,  the  two  loops  with  spacing  of  2  mm  are  fed  in 
CM  and  the  other  two  loops  with  a  spacing  of  62  mm  are  fed 
in  DM.  They  respectively  provide  the  omni-directional  and 
the  figure-eight  patterns  needed  to  obtain  a  cardioid-shaped 
radiation  pattern  in  the  azimuth  plane. 

To  feed  the  two  DM  half  loops,  a  compact,  surface-mount 
RF  transformer  is  used  (NCS 1-222-75+  from  Minicircuits, 
Inc.).  The  transformer  operates  from  0.95  to  2.20  GHz  with  a 
maximum  loss  of  1  dB.  When  the  DM  half  loops  are  fed  with 
this  transformer,  the  input  VSWR  of  the  antenna  slightly  de¬ 
teriorates  compared  to  what  is  shown  in  Fig.  1(b).  To  improve 
this,  the  shape  of  the  DM  half  loops  are  modified  as  shown 
in  Fig.  2.  Specifically,  the  inner  arms  of  these  antennas  are 


Fig.  2.  (a)  3D  view,  (b)  Top  view,  (c)  Side  view.  d= 3,  h=3,  12=2.1,  1 3=4, 
U=  2,  h!=l  ,#=3.5,  Wi=6,  W2= 12,  VL3=5.  All  the  values  are  in  cm. 


modified  to  two- section  pieces  of  metal  with  abrupt  changes 
in  their  slopes.  This  helps  improve  the  impedance  matching  of 
the  DM  array  when  fed  with  the  commercially- available  balun. 
The  width  of  the  two  half  loops  used  in  the  DM  array  are  also 
increased  compared  to  the  ones  shown  in  Fig.  1(a).  This  was 
done  to  increase  the  gain  of  the  DM  array  along  the  (j)=0°  and 
180°  directions  at  higher  frequencies.  This  way  the  DM  array 
can  maintain  its  desired  figure-eight-shaped  radiation  pattern 
in  the  azimuth  plane  over  a  wide  bandwidth.  The  physical 
dimensions  of  this  antenna  are  reported  in  the  caption  of  Fig. 
2  and  the  antenna  has  a  volume  of  16.2  cm  x  12  cm  x  3.5 
cm. 

B.  Feed  Network  Design 

To  generate  the  desired  cardioid-shaped  radiation  patterns, 
the  DM  and  CM  patterns  must  be  combined  with  proper 
complex  weights.  Figs.  3(a)  and  3(b)  show  respectively  the 
amplitude  and  the  phase  patterns  of  the  DM  and  CM  arrays  in 
the  far  field  at  1.5  GHz.  Observe  that  the  realized  gain  values 
of  the  CM  and  DM  arrays  along  0=0°  in  the  azimuth  plane 
are  almost  equal  (see  Fig.  3(a)).  The  absolute  phases  of  the 
CM  and  DM  arrays  along  0=0°  in  the  azimuth  plane  are  185° 
and  197°,  respectively  (see  Fig.  3(b)).  To  create  a  null  along 
4>= 0°,  a  phase  difference  of  180°  must  be  created  between 
the  radiated  fields  of  the  two  arrays  along  0=0°.  This  creates 
a  perfect  destructive  interference  of  the  two  radiated  waves 
along  <p= 0°  and  a  constructive  interference  along  ^=180°.  This 
can  be  done  by  using  a  feed  network  which  provides  equal 
amplitude  excitations  for  both  arrays  and  excites  the  CM  array 
with  a  phase  shift  of  168°.  The  normalized  radiation  pattern 
provided  by  such  a  feed  network  is  shown  in  Fig.  3(a).  As 
seen,  this  pattern  presents  a  maximum  along  (/>=180°  and  a 
null  along  (j)=0°  in  the  azimuth  plane.  The  direction  of  this 
maximum  radiation  can  be  changed  from  ^=180°  to  0=0°  if 
a  constant  phase  difference  of  180°  is  introduced  between  the 
two  arrays.  This  can  be  done  by  switching  the  polarity  of  the 
feed  terminals  of  the  DM  array.  Alternatively,  one  can  place 
a  switchable  0°/180°  binary  phase  shifter  in  the  path  of  the 
CM  array  to  electronically  switch  this  direction  of  maximum 
radiation  between  0=0°  and  180°  along  the  azimuth  plane. 

The  feed  network  can  be  implemented  using  a  power  splitter 
and  a  phase  shifter.  The  power  ratio  expected  at  the  output 
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Fig.  3.  (a)  Realized  gain  values  of  the  waves  radiated  by  the  CM  and  DM 
antenna  arrays  and  the  normalized  combined  cardioid- shaped  radiation  pattern 
at  1.5  GHz,  (b)  Phases  of  the  radiated  waves  by  the  CM  and  DM  antenna 
arrays  at  1.5  GHz. 


of  the  power  splitter  and  the  phase  shift  level  needed  for 
creating  cardioid- shaped  patterns  may  be  calculated  using 
the  procedure  described  earlier.  However,  unlike  the  single¬ 
frequency  cardioid-shaped  pattern  shown  in  Fig.  3,  the  goal 
of  this  work  is  to  achieve  wideband  directional  radiation 
patterns.  Therefore,  the  calculation  of  the  relative  amplitudes 
and  phases  of  excitations  of  the  DM  and  CM  arrays  are 
conducted  at  multiple  frequencies  over  the  entire  band.  Due 
to  the  frequency-dependence  of  the  complex  radiation  patterns 
of  these  arrays,  the  required  excitation  coefficients  of  the  CM 
and  DM  arrays  are  also  frequency  dependent.  However,  for 
simplicity,  a  frequency-independent  feed  network  was  used 
in  the  proof-of-concept  prototype.  The  power  division  ratio 
and  phase  shift  values  were  chosen  to  achieve  a  front-to- 
back  ratio  better  than  9  dB  across  the  1-2  GHz  frequency 
range.  The  consequence  of  using  a  frequency-independent  feed 
network  is  that  the  array  will  not  provide  a  perfect  cardioid- 
shaped  radiation  pattern  at  every  frequency  within  1-2  GHz. 
The  feed  network  used  in  this  work  uses  a  power  divider  with 
an  output  power  ratio  of  3  dB  and  a  phase  shifter  realized 
by  a  transmission  line  with  an  electrical  length  of  110°  at 
1  GHz  as  shown  in  Fig.  4(a).  These  values  were  chosen 
by  carefully  considering  the  magnitudes  and  phases  of  the 
radiation  patterns  of  the  DM  and  CM  arrays  over  the  whole 
bandwidth.  Fig.  4(b)  shows  a  schematic  of  the  feed  network 


Fig.  4.  (a)  Feed  network  topology,  (b)  Feed  network  implementation  using 
distributed  elements.  Zi=30.3,  12=32.2,  h=29. 8,  /4=30.6,  Zs=55.4,  Wi=3.1, 
VL2=0.65,  VL3=4.3,  W4=2.4,  W5=3.2,  All  the  values  are  in  mm.  R=106  Q. 


implementation  on  a  60  mil  R04003C  substrate.  Achieving 
a  more  directional  radiation  characteristic  over  the  entire 
bandwidth  is  possible  by  employing  a  frequency-dependent 
feed  network.  Additionally,  by  placing  a  switchable  0°/180° 
phase  shifter  in  series  with  the  transmission-line  phase  shifter, 
the  direction  of  the  maximum  radiation  of  the  array  can  be 
switched  between  0=180°  and  0°,  electronically. 

III.  Measurement  Results  and  Discussion 

The  antenna  prototype  discussed  in  Section  II,  with  ground 
plane  has  dimensions  of  20  cm  x  20  cm,  was  fabricated. 
Below  the  ground  plane,  a  60  mil  R04003C  substrate  is  placed 
on  which  two  50  D  microstrip  lines  are  fabricated  to  feed 
the  CM  and  DM  arrays.  One  of  the  microstrip  lines  directly 
feeds  the  CM  array  using  a  through- substrate  via.  To  feed  the 
DM  array,  a  surface  mount  transformer  is  mounted  on  the 
bottom  side  of  the  substrate  and  its  input  pin  is  connected  to 
the  other  50  Q  microstrip  line.  Transformer’s  output  pins  are 
then  connected  to  two  50  D  microstrip  lines  feeding  the  two 
half  loops  of  the  DM  array  using  through- substrate  vias. 

Fig.  5(a)  shows  the  simulated  and  measured  VSWRs  of 
the  CM  and  DM  arrays.  The  CM  (DM)  array  demonstrates 
a  measured  VSWR  below  2.6  (2.5)  over  a  frequency  range  of 
1. 1-2.0  GHz  (1. 0-2.0  GHz).  The  small  discrepancies  observed 
between  the  measured  and  simulated  results  are  attributed  to 
fabrication  tolerances,  the  uncertainties  in  modeling  via  holes 
and  SMA  connectors,  losses  of  the  conductors,  tolerances 
of  the  dielectric  constant  value  of  the  substrate,  and  the 
uncertainties  involved  in  modeling  of  the  transformer. 

The  measured  two-port  S -parameters  of  the  antenna  network 
for  the  CM  and  DM  arrays  were  then  exported  to  Agilent  ADS 
and  were  used  in  a  simulation  along  with  the  feed  network 
shown  in  Fig.  4(b)  to  obtain  the  measured  input  VSWR  of 
the  antenna  as  seen  from  the  input  port  of  the  feed  network. 
Fig.  5(b)  shows  the  results  obtained  from  this  process  along 
with  the  all-simulated  input  VSWR  of  the  antenna  system.  As 
seen,  the  proposed  antenna  with  its  feed  network  is  capable 
of  providing  a  VSWR  below  2.4:1  from  0.87-2.2  GHz. 

The  radiation  parameters  of  the  antenna  were  measured 
using  a  multi-probe  near  field  system  from  0.8  to  2.2  GHz. 
First,  the  radiation  characteristics  of  the  CM  antenna  array 
was  measured  while  the  other  array  was  terminated  with  a 
50  D  load.  Subsequently,  the  patterns  of  the  DM  array  were 
measured  while  the  CM  array  was  terminated  with  50  D. 
Through  this  process,  the  far-field  amplitudes  and  phases  of 
the  radiated  fields  of  the  two  antenna  arrays  were  measured 
at  every  point  in  space  and  at  different  frequencies.  Then, 
these  measured  radiation  patterns  were  combined  in  a  post¬ 
processing  step.  In  this  step,  the  simulated  S-parameters  of 
the  feed  network  shown  in  Fig.  4(b)  and  the  measured  S- 
parameters  of  the  antenna  were  used  to  obtain  the  actual 
magnitudes  and  excitation  coefficients  of  the  CM  and  DM 
arrays  at  every  frequency  point  where  the  far-field  radiation 
patterns  were  measured.  Using  this  process,  the  radiation 
patterns  of  the  antenna  with  its  feed  network  were  obtained. 
Fig.  6  shows  the  normalized  combined  radiation  patterns  of  the 
fabricated  prototype  and  those  of  the  simulated  model  both  in 
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Fig.  5.  (a)  Simulated  and  measured  VSWRs  of  the  CM  and  DM  antenna 
arrays,  (b)  Simulated  and  measured  input  VSWR  seen  at  the  input  port  of  the 
feed  network  with  the  photograph  of  the  fabricated  prototype  in  its  inset. 


the  azimuth  (x  —  y)  and  in  the  elevation  plane  (x  —  z).  As  seen, 
directional  radiation  patterns  are  demonstrated  in  both  planes 
over  a  2:1  bandwidth.  There  is  also  a  very  good  agreement 
between  the  simulated  and  measured  responses.  Observe  that 
the  antenna  demonstrates  a  very  good  polarization  purity. 
The  direction  of  the  maximum  beam  in  the  E-plane  is  tilted 
towards  zenith  since  it  is  mounted  over  a  finite  ground  plane 
[11].  Simulation  results  indicate  that  using  a  larger  ground 
plane  reduces  the  radiation  towards  the  lower  hemisphere, 
slightly  increases  the  realized  gain  of  the  antenna,  and  reduces 
the  cross-polarized  radiation.  Increasing  the  ground-plane  size 
does  not  significantly  impact  the  directionality  and  the  front- 
to-back  ratio  of  the  antenna.  The  measured  total  efficiency 
and  realized  gain  of  the  antenna  are  shown  in  Fig.  7.  These 
parameters  take  into  account  the  impedance  mismatch  and 
losses  of  the  whole  system  including  the  feed  network.  As 
seen,  the  total  efficiency  is  above  60%  and  the  realized  gain 


Fig.  6.  Normalized  (combined)  radiation  pattern  of  the  antenna  in  the  (a) 
azimuth  plane  (x  —  y),  (b)  elevation  plane  (x  —  z).  Black  solid  (red  dotted) 
line  is  the  measured  (simulated)  co-pol  (Eg),  black  dashed  (red  dash-dotted) 
line  is  the  measured  (simulated)  cross-pol  (E^). 


Fig.  7.  Total  efficiency  and  the  realized  gain  of  the  antenna. 


of  the  antenna  is  above  6  dBi  for  the  whole  bandwidth. 


IV.  Conclusions 

A  low-profile,  compact  and  wideband  vertically-polarized 
antenna  showing  directional  radiation  characteristics  in  the 
azimuth  plane  was  presented.  The  antenna  is  composed  of 
four  bent  diamond- shaped  half  loops  placed  on  a  ground 
plane.  The  half  loops  are  fed  properly  by  a  feed  network  to 
achieve  a  cardioid- shaped  directional  radiation  pattern  over  an 
octave  bandwidth.  The  electrical  dimensions  of  the  antenna 
are  0.54Amfnx0.4Am^nx0.116Amfn  at  its  lowest  frequency  of 
operation  and  it  demonstrates  an  input  VSWR  below  2.4:1. 
Due  to  its  low  profile,  compact  dimensions,  wide  bandwidth 
and  directional  radiation  characteristics,  this  design  is  expected 
to  be  useful  for  military  communication  systems  operating  at 
HF,  VHF,  and  UHF  frequency  bands. 
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